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Instructions To Authors 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly, it is important that all con- 
tributions should be carefully examined before being submitted, 
to make sure that they conform as closely as possible to the follow- 
ing instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should 
be submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential ; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and “laboratory slang”’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviations used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on ‘‘Use of Abbreviations”’ on pages 5and6. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see ‘‘Use of Abbreviations.”’ 

Separate sheets should be used for the following: (a) title, (b) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (h) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) “Experimental 
Procedure’ (or ‘‘Methods’’), (c) “Results,” (d) “‘Discussion,”’ (e) 
“‘Summary,’’ ({) ‘‘References.’’ The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘“‘unpub- 
lished experiments,’’ ‘“‘personal communications,’ etc., must be 
made in footnotes, and not included inthe References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words ‘‘in press.” 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 
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should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 84 x 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow 
drawings should be avoided, as should also low wide drawings. 
Curves that can be placed on one chart without undue crowding 
should not be given in separate charts. The drawings should be 
made on Bristol board, blue tracing cloth, or on coordinate paper 
printed in light blue. Mounting on heavy cardboard is undesir- 
able. Photoengravings made from photographic prints are infe- 
rior to those prepared from the original drawings, which should, 
therefore, be submitted whenever possible. If it is necessary to 
submit photographic prints because of the excessive size of the 
originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be 
fairly thick, as well as large enough for the necessary reduction. 
When oversize original drawings are submitted, a set of small photo- 
graphic prints must also be included for the use of Referees. A 
duplicate set of figures must accompany the carbon copy of the 
manuscript. These need not be of the same quality as the orig- 
inal figures intended for publication, but must be clear and legible 
for the use of Referees. 

All charts should be ruled off on all four sides close to the area 
occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Generally, 


figures should be designed with the vertical height somewhat 
greater than the width, so as to fit well in a single column of the 
present format (width 3} inches). Letters and numerals should 
be uniform in size and style, and large enough so that they will be 
at least 1.5 mm high after reduction to the 34-inch width. Occa- 
sional figures may be printed so as to spread across both columns, 
if this is necessary to present full details. Drawings which con- 
tain letters or characters which do not permit reduction must be 
returned to the authors with a request that the size of the letter- 
ing be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw- 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthe legend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, O, @,0,@, A, A, ©). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of ‘‘top.” 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Preliminary Communications 


Short Preliminary Communications, which appear to be of out- 
standing importance, will be given accelerated publication after 
editorial review and acceptance. The standards for acceptance 
of such manuscripts will be quite rigorous. Briefly, they may 
be stated as follows: 

1. The contribution must be, in the judgment of the Editors, 
of sufficiently immediate importance to the work of other inves- 
tigators to justify rapid publication. 

2. Adequate documentation of the reported findings must be 
presented. 

3. The length of the communication will be restricted to two 
full page in the present format of the Journal. This is approxi- 
mately 2000 words of text. If figures or tables are included, the 
permitted amount of text must be correspondingly reduced. 

4. It is ordinarily expected that such a Preliminary Communi- 
cation will be followed by a detailed report within a reasonable 
time. In some cases a very short paper may be complete in it- 
self, no further publication being required. If an author con- 
siders his communication to be final in this sense, he should so 
state in submitting the manuscript to the Editors. In such cases, 
the form of a short regular paper might be preferable (see the 
fifth paragraph following). 

5. Such short papers will not necessarily be restricted to new 
experimental findings. New interpretations of existing data 
may be published on occasion, but only in rare cases, when the 
interpretation is considered to be especially significant. 

6. The title of the manuscript, and the names and addresses of 
the authors should be given at the beginning, as in a regular 
paper. However, no summary need be included, and the head- 
ings and sub-headings commonly used in full papers may—and 
generally should—be omitted. An original and two carbon copies 
should be submitted. 

Authors should realize that questions of priority will be given 
no weight in the acceptance of such brief communications, and 
in any case priority is established by the date of receipt of the 
manuscript, not by the date of its publication. 
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Instructions to Authors 


The aim of the Journal in providing a medium for accelerated 
publication of such communications is to serve the advancement 
of the science of biochemistry. Procedures for handling such 
manuscripts are subject to modification as we gain experience in 
dealing with them. 

Quite apart from communications of this special category, we 
should like to remind authors that the Journal imposes no lower 
limit on the length of manuscripts submitted in the usual way. 
Papers which are only one or two pages long have been published 
on a number of occasions in the past, when the findings were con- 
sidered significant and the documentation and presentation were 
adequate. However, we have no desire to encourage short papers 
rather than long ones. A single long report of a comprehensive 
series of findings is generally preferred by the Editors to three or 
four short papers which, in the aggregate, require more time to 
read and to edit and also will take up more space. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 
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tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a “note added in proof” can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 
The Williams & Wilkins Company 

428 E. Preston Street 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The cost of such 
reproduction is many times greater than that of reprints printed 
from the original type. 


Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term that appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
acyl-AMP). It is suggested that abbreviated names be hyphen- 


ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of DPN 
and TPN may be abbreviated with a prefixed asterisk, e.g. 
3-acetylpyridine-*DPN, where the * is to be read as “analogue 
of.”” Accepted symbols for elements or radicals are recommended 
where applicable (e.g. glycero-P for glycerophosphate, P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof should not be abbreviated, nor should groups 
easily represented by chemical symbols, such as hydroxymethyl 
(CH,OH) or tetrahydro (-H,). In referring to folic acid deriva- 
tives it is recommended that the names “tetrahydrofolic acid” or 
“tetrahydrofolate” be written out in full, unless repeated many 
times in a paper, in which case the abbreviation “folate-H,’” may 
be used; as also “folate-H,” for dihydrofolate. Derivatives can 
similarly be referred to, eg. “5 (or 10)-hydroxymethylfolate- 
H,” or “5 (or 10)-CH,OH-folate-Hy.” 

Accepted Abbreviations—The abbreviations in the list given 
below may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (ef. 
Biochem. J., 66, 8 (1957)): 


DPN (or DPN*), diphosphopyridine nucleotide and its 


DPNH reduced form 
TPN, TPNH triphosphopyridine nucleotide and ite 
reduced form 
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FAD, FADH, flavin adenine dinucleotide and its re- 
duced form 

NMN nicotinamide mononucleotide 

GSH, GSSG glutathione and its oxidized form 


CoA, acyl-CoA coenzyme A and its acyl derivatives 
(e.g. acetyl, etc.) 
AMP, GMP, IMP, 


UMP, CMP 


the 5’-phosphates of ribosyl adenine, 
guanine, hypoxanthine, uracil, cy- 
tosine 


2’-AMP, 3’-AMP (5’- the 2’-, 3’-, (and 5’-, where needed for 


AMP), etc. contrast) phosphates of the nucleo- 
sides 
ADP, etc. the 5’(pyro-)diphosphates of adeno- 
sine, etc. 
ATP, etc. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 
deoxy-AMP(dAMP, the 5’-phosphates of 2’-deoxyribosyl 
dGMP, dIMP, adenine, etc. 
dUMP, dCMP, 
dTMP) 
RNA, DNA ribonucleic acid, deoxyribonucleic acid 
RNase, DNase ribonuclease, deoxyribonuclease 
UDP-glucose, UDP-ga- uridine diphosphate glucose, galactose, 
lactose, etc. etc. 
P,, PPi inorganic orthophosphate and pyrophos- 
phate 
Tris tris(hydroxymethyl)aminomethane 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 

For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequences as written (Ann. Rev. Biochem., 
16, 224 (1947)): 


Gly, Ala, Val, Leu, Ileu  glycyl, alanyl, valyl, leucyl, isoleucyl, 
Pro, Phe, CySH, CyS, prolyl, phenylalanyl, cysteinyl, half- 


Met, Try cystyl, methionyl, tryptophany] 
Arg, His, Lys arginyl, histidyl, lysyl 
Asp, Glu, aspartyl, glutamy], 


Glu-NH, Asp-NH, 
Ser, Thr, Tyr, 
Hypro, Hylys 


glutaminyl, asparaginy] 
seryl, threonyl, tyrosyl, 
hydroxyprolyl, hydroxylysyl 


These symbols should be separated from each other by periods 


(e.g. Gly.Val.Asp.Ser). Groups of residues of unknown se- 
quence may be enclosed in parentheses and separated by commas. 
These abbreviations should be used only for amino acid residues 
in peptide linkage, never for the free amrino acids, the names of 
which should be written out in full. 

(b) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


Gf, Fru, Gal, Rib, deoxy- 
Rib (dRib), etc. 


glucose, fructose, galactose, ribose, 
deoxyribose, etc. 
c 

(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosezmine. Configura- 
tion symbols (L-, D-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, gua- 
nine,f etc.): 


pApG 5’-O-phosphoryl-adenylyl- (3’-5’) -guan- 
osine, or guanylyl-(5’-3’)-adenosine 
5’-phosphate 

ApGp adenylyl-(3’-5’)-guanosine 3’-phos- 


phate 
ApG-cyclic-p adenylyl-(3’-5’)-guanosine 2’, 3’-phos- 


phate 


for polydeoxyribonucleotides: 

d-pApGpT 5’-O-phosphoryl-deoxyadenyly1-(3’-5’)- 
deoxyguanylyl- (3’-5’)-deoxythymi- 
dine, or deoxythymidylyl-(5’-3’)-de- 
oxyguanylyl - (5’-3’) - deoxyadeno- 
sine 5’-phosphate. 


+ Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 

t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 
80, 6212 (1958). 





The Journal of Biological Chemistry, founded in 1905, is designed 
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Instructions to Authors 


UNITS OF MEASUREMENT 


Units of Mass 
kilogram kg 
gram g 
milligram mg 
microgram ug (not -y) 
millimole mmole (not mm) 
micromole umole (not um) 


Units of Concentration 


molar (mole /liter) M 
millimolar mM 
micromolar uM 
Units of Length, Area, Volume, etc. 

meter m 
centimeter cm 
millimicron my 
Angstrom (107% cm) A 
square centimeter cm? 
cubic centimeter ec, or cm® 
milliliter ml 
microliter ul (not > ) 
sedimentation coefficient 8 
sedimentation coefficient in water at 20°, 

extrapolated to zero concentration 829 wo 
Svedberg unit of sedimentation coeffi- 

cient (10-" sec) Ss 
diffusion coefficient (usually given in 

cm?/sec) D 


Note that, in most instances, liter is not to be abbreviated. Use 
1, if necessary in tabular matter. 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is recommended that Beer’s law be stated with one of the 
following sets of symbols. 


A = OD = —logy T = amCb = eCh = a,cb 


In these equations A is absorbancy (preferred), OD is optical 
density, T is transmittancy (not transmittance, as for a plate 
of glass), C is the concentration of the absorbing substance in 
moles per liter, ¢ is its concentration in other units (which must 
be specified), a, is the absorbancy index, am is the molar absorb- 
ancy index (identical with ¢, the molar extinction coefficient), 
and b is length of the optical path in cm. If Beer’s law is not 
applicable to a particular substance in solution, this should be 
explicitly stated; even in such cases the substance may be char- 
acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave length or frequency specified, the 
exact value of this index will be somewhat ambiguous unless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. 8. Gibson, Spectrophotometry (200 to 1,000 
millimicrons) U. S. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 

Equilibrium and Velocity Constants 

Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mgt* + ATP*“= 
MgATP*-, the association constant is: K = (MgATP*-)/(Mgt*) 
(ATP); (in units of um). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec™ (other 

units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 


ordinarily given in m~ sec™. 

The term milligram per cent (mg %) should not be used. 
Weight concentrations should be given as g per ml, g per 
100 ml, g per liter, etc. 
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New Laboratory Safeguards Eliminate 
Danger from Infectious Aerosols 


Today, all hospitals and public health lab- 
oratories use modern safety measures to 
protect personnel from the dangers inherent in 
the infectious materials with which they work. 

Despite these safeguards, recent surveys 
indicate an all too frequently overlooked 
danger area. Studies show that airborne 
aerosols, resulting from the centrifuging of 
TB sputum and other infectious materials in 
unguarded tubes and bottles, are the cause 
of much of the personnel infection which has 
been detected. 


MAXIMUM SAFETY MEASURES NEEDED 


If laboratory work is to be made completely 
safe for scientist and technician, this “‘aerosol 
effect’? must be eliminated. Procedures which 
utilize maximum safeguards will insure pro- 
tection of personnel. 





250 ml. for angle head ; 
BIOLOGICAL WARFARE BY-PRODUCT 


The U. S. Army Biological Warfare Lab., 
Fort Dietrick, Maryland, found that infec- 
tious aerosols had become a serious problem 
in their germ warfare research. The Army 
turned the problem over to International 
Equipment Co. of Boston, Massachusetts, 
long known for their policy of employing 
maximum safety measures in all their equip- 
ment. After considerable research, Inter- 
national developed sealed accessories for 250 
ml cups and bottles. This proved to be the 
answer to the infectious aerosol problem. 
These proven accessories are now commer- 
cially available, and offer complete protection 
against the spread of even the most deadly 
airborne aerosols in the event of tube breakage 
during centrifuging. 


250 ml for horizontal head 
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50 ml sealed shield Trunnion for 50 ml sealed shield 


NEW 50 ML SEALED SHIELD AVAILABLE 


Recently, International, leader in the field 
of centrifugation for almost 60 years, has 
expanded its line of Sealed Accessories by 
adding a new sealed shield for 50 ml tubes as 
a supplement to the original 250 ml size. 
This extends the protection of Sealed Acces- 
sories to virtually all International Centri- 
fuges now in use in hospitals and public 
laboratories, 

The new 50 ml Sealed Shield now affords 
complete protection from aerosols, to labo- 
ratories having International Centrifuges 
capable of swinging its 350 Trunnion Ring. 
These include: Clinical, CM, SB, U, UV, 
Size 2, EXD and PR-2 Models. The new 
International CS Model recently introduced 
also accommodates both the 50 ml and 250 
ml Sealed Shields. 


LOW COST PROTECTION 

The 100‘% leakproof 50 ml accessory, com- 
plete with gasketed transparent plastic 
screw-on dome and rubber cushion costs only 
$4.95, yet provides hitherto-unknown per- 
sonnel protection. The 350 Trunnion which 
swings it costs only $2.10. 

The plastic screw-on dome is completely 
transparent. Any tube breakage which might 
occur during centrifuging can be easily de- 
tected and proper decontamination steps 
taken. 

Complete information on the new Sealed 
Accessories is available from any International 
dealer or by writing the manufacturer direct. 


INTERNATIONAL (EC) EQUIPMENT CO. 


BUILDING NO. 2B 
1284 SOLDIERS FIELD ROAD, BOSTON 35, MASS. 








ANOTHER EXAMPLE OF THE EXPANDING KIMBLE LINE... 


Kimble Glass iy, 

Toledo, Ohio, Box. J 10 

Please send me my FREE copy of Catalog 
Supplement SP-64 a 


KIMBLE LABORATORY GLASSWARE Owens-ILuInoIs 


AN @ PRODUCT GENERAL OFFICES « TOLEDO 1, OHIO 














new 
england 
nuclear 


Tritiated Thymidine Prices Reduced 














Thymidine — specifically labeled with tritium — is now 
being offered by New England Nuclear. Prices for tritiated 
thymidine were reduced on July Ist, taking advantage of 
our new preparative approach. The synthesis represents an 
important advance in that the tritium label in thymidine is 
unequivocably located in the methyl group in contrast to 
older methods which lead to general labeling. 


Thymidine — H® (methyl labeled) has been 
thoroughly tested by chromatographic 
techniques and shown to be radiologically 
pure to the limit of sensitivity of the method 
Radioautographs prepared from biological 
systems in several laboratories confirm the 
compound’s biological activity to be 
entirely satisfactory. 


Write for July, 1960 Price List. 


ATOMLIGHT, our bi-monthly 
technical bulletin, will be 
sent on request. 








ANNOUNCEMENT of 1960 Symposium 


The fourth annual New England Nuclear Symposium on 
Advances in Tracer Methodology will be held in Chicago at 
the Conrad-Hilton on October 21, 1960. Write for details to 
Symposium, New England Nuclear Corp. 


Field Offices 
BOSTON * NEW YORK * PHILADELPHIA 
DETROIT * WASHINGTON, D.C. * ATLANTA new Eng Relate! nuclear corp. ~ 
CHICAGO ° PITTSBURGH * DALLAS 575 ALBANY STREET BOSTON 18 
LOS ANGELES * SAN FRANCISCO 


MONTREAL, CANADA 
RADIONICS, LTD. 
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Trehalose and Fructose as Indicators of Metabolism of 
Labeled Glucose by the Propionic Acid Bacteria* 


RuNE STJERNHOLM{ AND HarRLAND G. Woop 


From the Department of Biochemistry, Western Reserve University, School of Medicine, Cleveland, Ohio 


(Received for publication, August 25, 1959) 


A nonreducing sugar which is formed in the propionic acid 
fermentation (1, 2) recently has been identified as trehalose [1- 
a-p-glucopyranosido-a-D-glucopyranoside] by Stjernholm (3). 
Cabib and Leloir (4) have shown that trehalose is formed in 
yeast from uridine-diphosphoglucose (UDP-glucose) and glucose 
6-phosphate. 


UDP-glucose + glucose-6-P — UDP + trehalose-P 


Therefore, the C pattern. in the trehalose should reflect that of 
the hexosephosphate pools and might be used as an indicator of 
the metabolism of the propionie acid bacteria just as the C"‘ pat- 
terns in glycogen have been used in. studies of the metabolism 
of animals, One of the difficulties in investigating the propionic 
acid fermentation has been that the C™ of labeled sugars is ran- 
domized to every position of the propionate and succinate (5) 
and therefore these C patterns do not provide a clear indication 
of the pathways of the fermentation. It seemed probable that 
the C in trehalose might be less randomized and thus be more 
easily interpreted in terms of pathways. 

The propionic acid fermentation is generally considered to 
occur by an Embden-Meyerhof type of cleavage but this may 
not be the sole pathway. It has been observed that the CO, 
from glucose-1-C™ has a higher activity than that from glucose- 
6-C™ (5) and that various members of the genus Propionibacterium 
after adaptation are capable of dissimilating sodium gluconate 
(6). In addition, most of the enzymes involved in the pentose 
pathway are present in the propionic acid bacteria (6, 7). 

In the course of this investigation a reducing sugar was de- 
tected in the fermentation medium which was not glucose. The 
sugar has been isolated and identified as fructose. The C'*-dis- 
tribution patterns also have been determined in the fructose. 


METHODS 


Two species of Propionibacterium were used in this investiga- 
tion, P. arabinosum strain 34W and P. shermanii strain52W. All 
fermentations were conducted anaerobically with washed cell sus- 
pensions as described in an earlier publication (5). The cells 
were removed by centrifugation and the ether-soluble products 
were separated from the reaction mixture. The residue of the 
extraction was placed on a charcoal-Celite column and the mono- 


* This work was supported in part by a Grant No. E-1003 from 
the Department of Health, Welfare and Education. The C™ was 
obtained on allocation from the United States Atomic Energy 
Commission. 

+t DuPont Fellow, 1956-1958. Data presented were taken in 
part from a thesis presented to the Graduate School, Western 
Reserve University, in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy. 
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saccharides and trehalose were separated by elution as described 
previously (3). Fructose was separated from glucose of the 
monosaccharide fraction by chromatography on a cellulose col- 
umn (8). Most of the present studies were done with the resi- 
dues of ether extractions remaining from previous studies (5) in 
which the C™ patterns had been determined on the ether-soluble 
compounds. The fermentation numbers given here are the same 
as those of the previous paper (5). For each experiment the bac- 
teria were grown on a medium containing glycerol, yeast extract, 
potassium phosphate, and vitamins unless stated otherwise. 

Total carbohydrate was estimated by the anthrone method 
(9) and reducing sugar by the procedure of Somogyi (10) and 
Nelson (11). Fructose was determined colorimetrically by re- 
action with resorcinol in strong HCl solution according to the 
method given by Roe (12). Trehalose was hydrolyzed with 1 
N sulfuric acid for 1 hour in an autoclave at 120°. The sulfuric 
acid was removed with Duolite A-4 ion exchange resin and the 
glucose was crystallized from 95% ethanol. Glucose and fruc- 
tose were degraded by fermentation’ with Leuconostoc mesen- 
teroides according to Bernstein and Wood (13) and Blackwood 
and Blakley (14). 

The glucose-1-C™, glucose-2-C™, and glucose-6-C™ were ob- 
tained from the National Bureau of Standards, Washington, 
D.C. The glucose-3 ,4-C™ was prepared from liver glycogen of 
rats which had received NaHC"O;. The rats were fasted for 24 
hours and then fed by stomach tube 1.5 g of fructose in 3 ml of 
5% starch. Thirty-five minutes later the NaHCO; was in- 
jected intraperitoneally and after 3 hours the rats were sacrificed 
and the liver glycogen was isolated. On degradation of the glucose 
with L. mesenteroides it was found that C-3 had a somewhat lower 
activity than C-4 (cf. Table IT). 


RESULTS 


Identification of Fructose—An unknown sugar appeared in the 
monosaccharide fraction obtained from the charcoal-Celite col- 
umn and could be detected on paper chromatograms with the 
AgNO;-NaOH reagent (15) or the p-anisidine-HCl reagent (16), 
but not with the anilinephthalate reagent (17). This indicated 
that the sugar probably was a ketose. It also reacted with 2,4- 
dinitrophenylhydrazine under conditions which according to 
Gray (18) are specific for ketose. The Rp values of the unknown 
carbohydrate in three different solvent systems were identical 
with those of the authentic fructose in a control mixture. The 
fractions from the cellulose containing fructose were combined 
and concentrated in a flash evaporator at 60° and the sugar was 
taken up in a small amount of water and treated with Norit. 
The specific rotation of the ketose was [a]? —91.5 (c, 0.83, HO) 
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as compared to a commercial sample of fructose [a]? —92.5 (c, 
1.0, H,0). 

Trehalose and Fructose Formation from Glucose by P. arabino- 
sum and P. shermanti—The total and individual carbohydrates 


TABLE [ 


Determination of trehalose and fructose in fermentations of glucose 
by washed propionic acid bacteria 

Fermentation Nos. 9, 10, 14, 15, were in 300-ml round bottom 
flasks, shaken at 30°, gassed with N» continuously, and containing 
180 ml of reaction mixture with 0.05 m glucose, 0.15 m potassium 
phosphate buffer (pH 7.2), and 2.5% of washed cells. 

In fermentation No. 17, the cells were grown for 4 days in a 
medium containing sodium lactate, yeast extract, potassium phos- 
phate buffer, and vitamins. The reaction mixture was 30 ml. 

Fermentation Nos. 1, 3, and 6 were in 125-ml Warburg flasks, 
shaken at 30°, gas phase N», and alkali in center well. 
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of the monosaccharide and disaccharide fractions obtained from 
the charcoal-Celite and cellulose columns were determined as 
described in the method section. The fructose, glucose, and 
trehalose content of the medium is shown in Table I. 

It is noted that the ratio of hexose to trehalose fluctuated more 
widely with culture 34W than with culture 52W. With culture 
34W, trehalose was present in considerable quantity even though 
the hexose fell to a low level. Wood and Werkman (1) observed 
with P. arabinosum (34W) that after the glucose was completely 
utilized the nonreducing sugar was slowly fermented. Culture 
52W appears to begin to utilize the trehalose while the hexose 
level is still quite high. 

Isolation of a Polysaccharide from Cells—Culture 34W was 
grown in 1 liter of glucose, yeast extract medium for 4 days at 
30°. The cells were washed and then lyophilized. The 0.73 g 
of cells obtained was digested for 1 hour in a boiling water bath 


Ais saaell Pa with 2 ml of 30% KOH solution per 100 mg of dry cells. A 
No. No. Time | saccharide | Fructose | Trehalose smaj] amount of insoluble material was removed by centrifuga- 
- ciaeoas | amas | aaneead tion and then ethanol was added to the supernatant solution to 
9 34W ge ae" 41 78 give a concentration of 75%. The resulting precipitate was 
9 34W 21 | 9 28 133 taken up in 5 ml of 10% trichloroacetic acid and the insoluble 
14 34W 6 | 342 82 material was removed. The solution was made 75% with re- 
17 34W 12 | 10 157 spect to ethanol and a white powder was obtained which, on 
1 34W 7 | 0 97 hydrolysis with 2 n sulfuric acid at 100° for 1 hour, yielded mainly 
glucose as determined by paper chromatography. The total 
10 52W 6 | 14 | 9.8 52 carbohydrate content of the isolated material was determined 
10 52W ais tet... Jmn i 24 with anthrone and it represented 4.9% of the dry weight of the 
6 52W 7 | «340 | 83 cells. A similar treatment of lyophilized cells of 52W gave a 

2 posal ps = = value of 15% polysaccharide. 
Distribution of C™ in the Glucose Unit of Trehalose, in Fructose, 

TaBLeE II 


Distribution of C'* in trehalose formed from labeled glucose by washed propionic acid bacteria 


For conditions of fermentation Nos. 6, 9, 15, and 17, see Table I. 


tion No. 9, Table I. 


The conditions of fermentation No. 18 were the same as fermenta- 
Fermentation No. 5 was in a 125-ml Warburg flask containing 60 ml of reaction mixture of 0.042 m glucose, 0.125 
mM NaHCOs;, 0.075 m phosphate buffer (pH 5.9), 0.015 m NaF, and 5% of cells. 


All solutions except the bicarbonate and cells were added, 


the flask was gassed with No, then the bicarbonate and cells were added. The original glucose-3,4-C" had the following distribution 
of C' in per cent: C-1, 1; C-2, 1; C-3, 48; C-4, 55; C-5 and C-6, nil. 
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TABLE III 
Distribution of C\4 in fructose and residual glucose from fermentations of labeled glucose by washed propionic acid bacteria 
For conditions of fermentation Nos. 9, 14, and 15, see Table I; also see Table II for Nos. 9 and 15. Fermentation No. 11, same as 


No. 15 except gassed with He. 
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and in Residual Glucose—The trehalose obtained by chromatog- 
raphy on charcoal-Celite, was crystallized, then hydrolyzed and 
degraded by fermentation with L. mesenteroides. The results are 
shown in Table II. 

The fructose from the cellulose columns was diluted with car- 
rier fructose and then degraded with L. mesenteroides. The re- 
sults are shown in Table III together with those from the deg- 
radation of the residual unfermented glucose. The residual 
glucose from the cellulose column was crystallized before deg- 
radation. 


DISCUSSION 


The C¥ distribution patterns in both the glucose units of the 
trehalose (Table II) and in the fructose (Table ITI) indicate that 
there is an Embden-Meyerhof type of cleavage to triose phos- 
phates which are equilibrated by triosephosphate isomerase, and 
recondensed by aldolase. C-1 thus is randomized to C-6, C-2 
to C-5, and C-6 to C-1 and with glucose-3,4-C™ there is little 
change from the distribution of the original glucose. It is seen 
in Table III that C-3 had a lower activity than C-4 but this was 
also true of the original glucose. Most of the C™ remained in 
its original position in both the glucose unit of the trehalose and 
in the fructose and thus it appears that these compounds were 
formed largely from the intact 6 carbon chain of the glucose. 

It is to be noted that the C™ of glucose-2-C™“ would be ran- 
domized into C-1 and C-3 and the C™ of glucose-3 ,4-C™ into C-1 
and C-2 by the pentose cycle. Wood and Katz (19) have shown 


that the extent of this randomization will depend on the propor- 
tion of the glucose which is metabolized by a complete pentose 
cycle. They have estimated when 5.5% of the hexosemonophos- 
phate pool is metabolized by the complete pentose cycle that 
glucose-2-C™ will give a relative distribution of C-1 = 10, C-2 = 
100, and C-3 = 5.3, and glucose-3-C™ will give C-1 = 1, C-2 = 
10, and C-3 = 100. Under anaerobic conditions it is perhaps 
unlikely that a complete cycle would occur and it is more likely 
that there would be randomization by reversible reactions cata- 
lyzed by the concerted action of transketolase, transaldolase, 
xylulose phosphate epimerase, and ribulose phosphate isomerase. 
Such reactions could randomize C-1 into C-3, C-2 into C-3, and 
C-3 into C-1 and C-2 (19). There is no indication with either 
glucose-2-C™ or glucose-3 , 4-C"™ that there was a complete pentose 
cycle but there is some indication with glucose-3 ,4-C" that there 
may have been randomization by the anaerobic reversible reac- 
tions of the cycle. With glucose-3,4-C™ there was Cin C-1 and 
C-2 which was above that found in the original glucose-3 ,4-C™ 
(Table II) and the residual glucose-3,4-C (Table III). Since 
there are more possibilities for the anaerobic reversible random- 
ization of C-3 to C-1 and C-2 than there are for randomization 
of C-1 to C-3 or of C-2 to C-3 (19) it is possible that the random- 
ization would be more evident with C-3-labeled glucose than 
with the other types of labeled glucose. 

The residual glucose was degraded (Table III) since it was 
considered that the glucose 6-phosphate of the cells might be 
hydrolyzed by a phosphatase. In this case the C“ might be 
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randomized in the residual glucose just as in the fructose. It 
was found that the C™ distribution of the glucose was not altered 
appreciably from that of the original glucose (Table III). It is 
to be noted that the specific activity of the residual glucose and 
of the fructose was substantially less than that of the original 
glucose. For example, the residual glucose of fermentation No. 
9 (Table III) contained 362 counts per umole whereas the orig- 
inal contained 484. This dilution is equivalent to 92 mg of glu- 
cose (122/484 x 2.02 x 180) or to about 18% of the dry weight 
of the cells used in the reaction mixture (2.5% wet weight). In 
two trials, polysaccharide equivalent to 4.9 and 15% of the dry 
weight of the cells was isolated and it seems likely that this and 
other endogenous sugars may be the source of the diluting glu- 
cose. It appears, however, that most of the glucose giving rise 
to this dilution did not pass through the same pools as gave rise 
to the trehalose or fructose. If this had occurred, the C' should 
have been randomized to a considerable extent in the residual 
glucose. The fructose apparently does arise from the hexose- 
phosphate pools which are formed from the labeled glucose, pre- 
sumably because of a phosphatase in the bacteria. Thus both 
fructose and trehalose may be used as indicators of metabolism 
of the propionic acid bacteria. 


SUMMARY 

Glucose-1-C™, glucose-2-C™, glucose-3 ,4-C™, and glucose-6-C™ 
have been fermented with washed propionic acid bacteria and 
trehalose has been isolated from the medium and degraded to 
determine the C* distribution pattern. The hexose units of the 
trehalose should reflect the C patterns of the hexosephosphate 
pools of the bacteria. The major portion of the C remained in 
its original position and therefore most of the glucose units ap- 
pear to have arisen from the intact 6 carbon chain. Approxi- 
mately 20% of the C™ was randomized in accord with an 
Embden-Meyerhof cleavage followed by resynthesis after equili- 
bration of the triose phosphates. Thus C-1 was randomized to 
C-6, C-2 to C-5, and C-6 to C-1. There was some indication of 
randomization of C™ by the anaerobic reversible reactions of the 
pentose cycle. 
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A small amount of fructose accumulated in the medium. Deg- 
radation of the fructose showed that it had approximately the 
same C™ pattern as did the glucose units of the trehalose. The 
residual glucose likewise was degraded but there was little ran- 
domization of its C'. The specific activities of the residual glu- 
cose and of the trehalose and fructose were less than that of the 
original glucose. An intracellular polysaccharide occurs in the 
cells and may be a source of part of the diluting carbon. 
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Wood et al. (1) have shown in fermentations of glucose-3 , 4-C™ 
by propionic acid bacteria that more than 15% of the C™ is in 
C-2 and C-3 of the resulting propionate. If the fermentation 
occurred entirely by an Embden-Meyerhof type pathway the 
C™ from glucose-3 ,4-C' would be expected to be exclusively in 
the carboxyl group of the propionate. It was suggested that 
there may be a phosphatase in the bacteria which dephosphory]- 
ates dihydroxyacetone phosphate. Since dihydroxyacetone is a 
compound with rotational symmetry which permits the super- 
position of its carbinol groups, these groups cannot be differenti- 
ated and react identically (2). Thus, pyruvate with C™ in either 
C-1 or C-3 would be formed which after further randomization 
through the dicarboxylic acids would result in propionate labeled 
in all positions. With lactate-1-C™ there was very little C™ in 
C-2 and C-3 of the propionate and, thus, no evidence of a sym- 
metrical C3; intermediate? was obtained with this compound (3). 
Since glucose metabolism involves triose phosphates, whereas 
pyruvate and lactate metabolism may not, it seemed possible 
that a symmetrical C; compound might occur in glucose metabo- 
lism but not in lactate dissimilation. For the present study glyc- 
erol was chosen as a substrate since it resembles glucose, in that 
triose phosphate is an intermediate in its metabolism. 

Glycerol does not possess rotational symmetry (2, 4); there- 
fore, the two primary carbinol groups can be enzymatically dif- 
ferentiated (5,6). Karnovsky et al. (7) have prepared two forms 
of labeled glycerol from p- and L-serine-3-C“, The glycerol ob- 
tained from p-serine-3-C™ has been designated u-glycerol-1-C™ 
(7) and also glycerol-1-C™ (2, 5). When it is phosphorylated 
by glycerokinase (8), glycerophosphate? is formed with the phos- 
phate on the unlabeled carbon (C-3). The glycerol from L- 
serine-3-C™ has been designated p-glycerol-1-C™ (7) or glycerol- 
3-C™ (2) and it is phosphorylated by the kinase on the labeled 
carbon. 


* This work was supported in part by Grant No. E-1003 from 
the Department of Health, Education and Welfare. The C'* was 
obtained on allocation from the Atomic Energy Commission. 

+ DuPont Fellow, 1956-1958. Data presented were taken in 
part from a thesis presented to the Graduate School, Western Re- 
serve University, in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. 

1 Abbreviations are: C; is a 3 carbon compound, C, a 4 carbon 
compound. C-1 is carbon 1 of a compound, C-2 is carbon 2, etc. 

* Throughout this paper the term symmetry implies rotational 
symmetry (2). Specifically, a symmetrical C; is defined as a 3 
carbon compound with rotational symmetry preventing the differ- 
entiation of the labeled groups (2). An analogous definition 
applies to symmetrical C,. 

’ This compound has been called ‘‘L-a-glycerophosphate.’’ In 
agreement with the numbering proposed for glycerol (2), it will 
be referred to here as glycerol 3-phosphate. 


Glycerol-1-C™ and glycerol-3-C“ may be used to detect the 
occurrence of a symmetrical Cs compound? as illustrated in Fig. 
1. Ifasymmetrical C; did not occur, one would expect glycerol- 
1-C** to yield carboxyl-labeled pyruvate and eventually carboxyl- 
labeled propionate. Glycerol-3-C“, on the other hand, would 
yield 3-labeled pyruvate, which after passing through a symmet- 
rical C, intermediate (9, 10) would form propionate labeled in the 
C-2 and C-3 positions. If the glycerol passed through a sym- 
metrical C3; intermediate such as dihydroxyacetone, then the 
label in both glycerol-1-C" and glycerol-3-C™ would be random- 
ized to all positions of the propionate as illustrated in Fig. 1. 
These considerations form the basis of the present investigation. 

Leaver et al. (3) studied the fermentation of glycerol-2-C™ and 
of glycerol-1-3-C™ with the propionic acid bacteria,‘ but the dis- 
tribution of isotope in the propionate from these compounds 


would not distinguish between asymmetric and symmetric C3 
metabolism. 


EXPERIMENTAL PROCEDURE 


Methods—Propionibacterium arabinosum strain 34W and Propi- 
onibacterium shermanii strain 52W were used in this study. The 
fermentations were carried out anaerobically with washed cell 
suspensions. The growth conditions and experimental proce- 
dure were similar to those described in the previous publication 
(12). The supernatant solution obtained on centrifugation of 
the incubation mixture was acidified with sulfuric acid and ex- 
tracted with ether. The propionic and succinic acids in the 
ether extract were separated on a Celite column (13) and the pro- 
pionate was degraded by the Schmidt reaction (14). The aque- 
ous residue from the ether extraction was deionized with Dowex 
50 and Duolite A-4 resins, and then evaporated to a small vol- 
ume. The resulting solution containing unfermented glycerol 
and trehalose was chromatographed on a charcoal-Celite column 
according to Whistler and Durso (15). Glycerol was obtained 
by elution with water, and further purified by conversion to the 
tribenzoate (16). The recrystallized glycerol derivative was 
saponified to free glycerol and then was converted to pyruvate 
with Aerobacter aerogenes strain 1041 according to the method of 
Rush et al. (17). This procedure differentiates between the two 
types of labeled glycerol, since glycerol-3-C" yields C4H;,COCOOH 
and glycerol-1-C“ yields CH;COC“OOH. The pyruvate was 
reduced to lactate with sodium borohydride and degraded as 
described by Stjernholm and Wood (18). Trehalose was eluted 
from the charcoal-Celite column with 5% ethanol. It was re- 
crystallized and degraded as described previously (12). 


4 Glycerols-1-3-C™ indicates an equal mixture of glycerol-1-C™ 
and glycerol-3-C"*. 
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Fermentation of Glycerol-1-C™* and Glycerol-3-C™ 


Metabolism not involving 
a symmetrical C; 
Glycerol-3-C'4 Glycerol-1-C" 
100 100 
C—C—C C—C—C 
| 
Glycerol-3-phosphate 


100 100 
C—C—C—P C—C—C—P 
| 


Dihydroxyacetone phosphate 


100 100 
C—C—C—P C—C—C—P 
| 


Pyruvie acid 
100 100 
HOOC—C—C HOOC—C—C 
+Ci 
os 


—C; 





ww 
Propionic acid 


50 50 100 
HOOC—C—C HOOC—C—C 


Fig. 1. The distribution of C' from glycerol-1-C" and glycerol- 
3-C" in propionate formed via symmetrical C; and C, compounds! 
and via metabolism not involving a symmetrical C; compound and 
@ symmetrical C, compound. The symmetrical C, (succinate) 
and the C,; from the decarboxylation are considered for the pur- 
poses of this illustration to occur in catalytic amounts and to 
turnover rapidly and not equilibrate with CO2. Therefore, there 


TABLE I 
Distribution of C'4 in propionate formed from glycerol-1-C'* and 
glycerol-3-C'* by washed propionic acid bacteria 

All fermentations were in 125-ml Warburg flasks. The final 
concentrations of the components were: 3% suspension of cells, 
0.25 m potassium phosphate buffer pH 6.8, 0.125 m glycerol-C"* 
and a total volume 40 ml. Incubation was under Nz at 30°. In 
Fermentations 1 and 4 the cells were grown for 4 days on sodium 
lactate, yeast extract, potassium phosphate buffer, and vitamins. 
In Fermentations 2, 3, 5, and 6 the cells were grown on glycerol, 
yeast extract, potassium phosphate buffer, and vitamins. 





Propionate 





Glycerol 


Culture 


| Distribution of 
No. ae 


c.p.m./ 





in degradation 


C-1 | C-2 | C-3 


Time of fermentation 
Recovery of C'# 
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| Fermentation No. 





1% | % | % 
| 58 | 21 | 21 
| 53 | 23 | 24 
| 60 | 20 | 20 
| 37 | 32 | 31 
| 49 | 25 | 26 
27 | 27 
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Metabolism involving 
a symmetrical C; 
Glycerol-3-C"4 Glycerol-1-C™% 
100 100 
C—C—C C—C—C 
{ 


Symmetrical C; 
50 50 50 
C 


C— C—C—C 


| 
| 
| 


Pyruvie acid 


50 50 
HOOC—C—C 


50 50 
HOOC—C—C 


| +Ci 


°C? 
} 


-c 
Propionic acid 
50 25 25 50 25 25 
HOOC—C—C HOOC—C—C 
is practically no dilution of the C' in the carboxyl group and the 
C** is distributed equally in carbons 2 and 3; see Wood et al. (9), 
Pomerantz (10), and Swick and Wood (11) for further discussion. 
The propionibacteria catalyze a transcarboxylation of the car- 
boxyl group of methylmalonyl CoA to pyruvate (11), thus form- 


ing propionyl CoA and oxalacetate, and the transcarboxylation 
does not involve free CO>. 


Glycerol-1-C™ and glycerol-3-C™ were a generous gift by Dr. 
M. L. Karnovsky. The glycerol-1-3-C™ was obtained from the 
Volk Radiochemical Laboratory, Chicago, Illinois. 


RESULTS 


Distribution of C'* in Propionate—The distribution of C™ in 
propionate formed from glycerol-1-C™ and glycerol-3-C™ is shown 
in Table I. Comparision of the observed distribution with the 
predicted distribution as presented in Fig. 1 shows that the re- 
sults are in accord with the occurrence of symmetrical C3 and 
C, intermediates. In Fermentations 2, 5, and 6 the agreement 
with the predicted values is within experimental error. In Fer- 
mentations 1, 3, and 4 the results diverge somewhat from the 
predicted values and it appears that a part of the propionate was 
formed without involving a symmetrical C; intermediate. If 
glycerol-1-C' were metabolized in part by a symmetrical C; and 
in part by an asymmetrical Cs, the values should fall between two 
extremes of Fig. 1, 7.e. the carboxyl group should be between 50 
and 100 and C-2 and C-3 between 0 and 25. The observed val- 
ues in Fermentations 1 and 3, respectively, were 58 and 60 in 
C-1 and 21 and 20 in C-2 and C-3. Likewise, with glycerol-3- 
C4 the carboxyl group should be between 0 and 50 and C-2 and 
C-3 between 25 and 50. The observed values in Fermentation 
4 were C-1 = 37, C-2 = 32 and C-3 = 31. Thus, both sets of 
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data indicate that most, but not all, of the metabolism was via 
a symmetrical C; compound. 

Distribution of C' in Residual Glycerol— Rush et al. (17) have 
observed with A. aerogenes, and Wiame et al. (19) with Bacillus 
subtilis, that glycerol is dehydrogenated at C-2 directly by a 
DPN-linked enzyme. If this reaction occurred in the propionic 
acid fermentation, glycerol-1-C' or glycerol-3-C™“ would be con- 
verted to a compound with rotational symmetry which on re- 
versal of the dehydrogenation would yield an equimolar mixture 
of glycerol-1-C and -3-C'. In order to investigate this pos- 
sibility, the residual glycerol from Fermentations 2, 3, and 5 was 
isolated, purified and degraded according to the modification (18) 
of the method of Rush et al. (17). The original glycerol-1-C™“ 
and -3-C™ were likewise degraded by this method. The results 
are shown in Table II. It can be seen, by comparison of the 
original and final glycerol, that there was very little randomiza- 
tion of C' between the two end groups of the glycerol. It should 
be noted that the specific activity of the residual glycerol always 
was less than that of the original glycerol. This indicates that 
unlabeled glycerol was present in the washed cells or was formed 
and passed to the outside of the cell. Thus, it appears that there 
would be exchange between the intracellular and the extracel- 
lular glycerol. Although the present experiments provide no 
evidence of the occurrence of dihydroxyacetone as an intermedi- 
ate, they are not considered conclusive evidence against its oc- 
currence. The propionic acid bacteria ferment free dihydroxy- 
acetone and glyceraldehyde very rapidly (20) and it is possible 
that there is very little reversal to glycerol after the dihydroxy- 
acetone is formed. 

Distribution of C4 in Trehalose as Indicator of Occurrence of a 
Symmetrical C; Intermediate—It seemed likely that the distribu- 
tion of C4 in trehalose could be used to determine whether or 
not the reactions by which glycerol is converted to triose phos- 
phate involve a symmetrical intermediate. If no such inter- 
mediate were involved, glycerol-3-C' should label the glucose 
units of the trehalose in positions 1 and 6 only, whereas glucose 
labeled in C-1, C-8, C-4, and C-6 should result if the reactions 
proceed via a symmetrical intermediate. If the reactions occur 
entirely by the symmetrical C3, the labeling would be expected 
to be equal in each of these positions. Trehalose samples from 
experiments with glycerol-3-C™ therefore were isolated, hydro- 
lyzed to glucose, and degraded with Leuconostoc mesenteroides (21). 
Glycerol-1-3-C™ was used as a control, since it should give glucose 
units with equal C' in C-1, C-3, C-4, and C-6. The results in 
Table III show that the labeling with glycerol-1-3-C™“ were as 
predicted, the C™ being practically equal in carbons 1, 3, 4, and 
6. With glycerol-3-C™, the activity was greatest in positions 1 
and 6, but a large part of the C" also was present in carbons 3 and 
4. These results indicate that the conversion of glycerol to tri- 


ose phosphate did not proceed entirely via a symmetrical inter- 


mediate. 

It is to be noted that the trehalose formed in the glycerol fer- 
mentation has a lower specific activity than does the original 
glycerol. These results are similar to those observed in the glu- 
cose fermentations (12). Presumably, much of the dilution of 
C™ arises from pre-existing cellular trehalose (22) and polysac- 
charide (12). 

Occurrence of a Symmetrical C; Compound from Substrates other 
than Glycerol—There was no indication of a symmetrical C; in- 
termediate in the trehalose patterns with glucose-1-C™ or 
glucose-6-C™“ (12), but it seemed possible that the inter- 


R. Stjernholm and H. G. Wood 
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TABLE II 


Distribution of C'* in original and residual glycerol from 
fermentations of glycerol-1-C'* and glycerol- 
3-C'* by propionic acid bacteria 
See Table I for the conditions of Fermentations 2, 3, and 5. 





Original glycerol 


| 


Distribution of 
| Cin lactate 
c.p.m./ from glycerol 
umole 


Residual glycerol 





Distribution of C“ 
in lactate from 
glycerol 


Fermentation No. 


local c2}e3 C-1 


| % | % 
5.6 | 95 
5.6 | 95 
42.1| 8 | 


C-2 | C-3 





























TaBLeE III 
Distribution of C' in trehalose formed from different types of 
labeled glycerol by washed propionic acid bacteria 


Fermentations 5, 6 are described in Table I; Fermentation 7 
was conducted under similar conditions. 





Fermentation No 6 5 7 





Type of glycerol Glycerol- 


1,3-C™ 


Glycerol- 
3-C4 


Glycerol- 
3-Ci4 





Glycerol, c.p.m./umole 141.0 42.1 42.1 








Trehalose isolated, uwmole....... 70 10 20 





Trehalose, c.p.m./umole of glu- 


cose unit 29.4 





Distribution of C'* in glucose 
unit, % 
22 
6 
17 
19 
4 
32 





Recovery of C'‘ in degradation, 
ELIS NERS PRRLOS 5 94 

















mediate could be detected by fermenting labeled glucose in 
the presence of unlabeled glycerol. The symmetrical C; from 
the glycerol might mix with the symmetrical C; from glucose 
and the C™ from the glucose might thus be trapped in this pool 
and be converted in greater yield to the glucose units of trehalose. 
In a similar manner, CO. was tested in a combined fermenta- 
tion of glycerol and glucose. Lactate-1-C™ was tested because 
it seemed possible that a symmetrical C3 would be detected in 
trehalose, whereas it might not be detected in the propionate. 
In order for the lactate to be converted to trehalose it would 
pass through the triose phosphate stage, whereas in the conver- 
sion to propionate this stage would not be essential and the oc- 
currence of the symmetrical C; might not become evident in the 
propionate. 

The results in Table IV in each case show some indication of 
a symmetrical C3. With glucose-1-C™, C-3 and C-4 of the glu- 
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TaBLe IV 


Distribution of C'* in trehalose from fermentation by P. arabinosum 
of combined glycerol and glucose and from lactic acid-1-C'* 

Fermentation 8, 40 ml of incubation mixture, 0.02 m glucose-1- 
C4, 0.02 m glycerol, 0.25 m potassium phosphate buffer pH 6.8, 
3% cells of 34W in 125-ml Warburg flask, shaken at 30°. Gas 
phase, N2; time, 5 hrs. 

Fermentation 9, 100 ml of incubation mixture, 0.01 m glucose, 
0.02 m glycerol, 1.5 mmoles of C02, 0.1 m potassium phosphate 
buffer pH 6.8, 3% cells of 34W in 200-ml reaction flask with inlet 
and outlet tubes. Gas phase, No, 30°; time, 2hrs. The gas phase 
was continuously circulated through the reaction mixture by a 
pump. 

Fermentation 10, 30 ml of incubation mixture, 0.01 m p,L-lactic 
acid-1-C'*, 0.20 m potassium phosphate buffer pH 6.8, 3% cells of 
34W in 125-ml Warburg flask, shaken at 30°. Gas phase, Nz; 
time, 2 hrs. The cells were grown on a lactate medium. The 
propionate from this fermentation was degraded and found to 
have 98% of its isotope content in the carboxyl group. 























Fermentation No......... 8 9 10 
aaa Aiea Glucose-1- | C'Oz:, glu- | Lactate-1- 
C™ and cose, and cis 
glycerol glycerol 
Labeled substrate, 
c.p.m./pmole........... 370 10’ 38 
Trehalose isolated, umole. 72 52 30 
Trehalose, c.p.m./umole 
of glucose unit......... 136 6 X 104 10.9 
Distribution of C'* in the 
glucose unit, % 
Oo ee as es eee 74 7 8 
SO ARG hae 2 3 3 
eee Parks cee BOs 5 37 39 
| SER ee eee 5 47 44 
|| RE Ae oe 2 1 1 
TS RS ee ee 12 5 5 
Recovery of C'‘ in degra- 
a ere 105 95 93 














cose unit contained somewhat more C% than C-2 and C-5. With 
C¥O,, C-1 and C-6 contained more C' than C-2 and C-5 and the 
same was true with lactate-1-C“’. The propionate from the 
lactate-1-C“ was degraded and the results confirmed those of 
Leaver et al. (3), in that only 2% of the C™ was found in C-2 
and C-3 of the propionate. Thus, there was no significant indi- 
cation of the occurrence of a symmetrica] C; on the route from 
lactate to propionate, whereas there was an indication of such 
an intermediate between lactate and trehalose. 

It is of interest (Table IV) that C-3 had a lower activity than 
C-4 with both CO, and lactate-1-C™. It is also observed that 
the sum of carbons 1, 2, and 3 equals the sum of carbons 4, 5, 
and 6, in each case. These results may be the consequence of a 
greater randomization of the C™ of the dihydroxyacetone phos- 
phate than of the glyceraldehyde phosphate, or possibly of ran- 
domization by the reversible anaerobic reactions of the pentose 
cycle. This latter possibility has been considered in relation to 
the distribution of C™ from glucose-3 ,4-C™ (Table ITI (12)). 


Fermentation of Glycerol-1-C'* and Glycerol-3-C™ 
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DISCUSSION 

It has been found, with the use of glycerol-1-C™ and glycerol- 
3-C™, that the distribution of C* in both the propionate and the 
trehalose is in accord with the occurrence of a symmetrical C,; 
intermediate? in the propionic acid fermentation. However, the 
isotope distributions in both products indicate that not all of 
the glycerol is fermented via the symmetrical C; intermediate, 
It is possible that the symmetrical C; is dihydroxyacetone, but 
the asymmetry of the glycerol might be lost by a different type 
of mechanism, for example, via cleavage to a symmetrical C2 and 
then recombination to yield a C3. 

The evidence of the occurrence of a symmetrical C3 in the 
fermentation of glucose is not as convincing as with glycerol. In 
fact, no indication of randomization via a symmetrical C3 was 
observed in the trehalose from labeled glucose when glycerol was 
not included in the fermentation. The question thus arises 
whether such randomization occurs in the absence of glycerol. 
It seems probable that even if the symmetrical C; intermediate 
were formed from labeled glucose it would not be detected in the 
C™ pattern of the trehalose under ordinary conditions. This 
view is based on two observations: (a) Stjernholm and Wood 
(12) observed that most of the trehalose appears to arise from 
the intact 6 carbon chain of the glucose; (b) when glucose is fer- 
mented to propionate, only a small amount of the triose phos- 
phate appears to pass through a symmetrical C; intermediate, 
For example, 12% of the C was randomized into the opposite 
end of the glucose unit of trehalose, when glucose-1-C™ was me- 
tabolized (Fermentation 5, Table II (12)) and 17% was random- 
ized into the C-1 of propionate (Fermentation 6,TableI(1)). It 
seems likely that 12% may be taken as an indication of the 
amount of C“ that entered the trehalose units via triose phos- 
phate and the 17 % as the amount of the triose phosphate which 
was randomized via the symmetrical C3. On this basis one might 
expect 2.04% of the C™ of glucose-1-C™ (0.12 x 0.17 x 100) to 
be randomized to the C-4 in the glucose unit of the trehalose. 
This value is below the limit of accurate determination by the 
degradation. Thus, it appears that the symmetrical Cs; from 
labeled glucose would not be detected in the C™ distribution of 
the trehalose even though the C; occurred in sufficient amount 
to account for the randomization of the C™ in the propionate. 

When unlabeled glycerol is included with the glucose-1-C% 
the symmetrical C3; becomes evident in the labeling of the tre- 
halose even though most of the C™ is converted to’ the trehalose 
as an intact hexose chain. In Fermentation 8 (Table IV) 74% 
of the C"* of the trehalose unit was in C-1, 12% in C-6, and 5% 
in C-4. The Cin C-4 was, thus, 41% of that of C-6. Assum- 
ing that the C™ in C-6 reached the glucose unit via the triose 
phosphate and that in C-4 via a symmetrical C3, it appears that 
a considerable portion of the triose phosphate became random- 
ized in a symmetrical C; in the presence of glycerol. 

There seems to be something unique about the glycerol fer- 
mentation, in that the C' was randomized more extensively via 
the symmetrical C; than is the case with other substrates. For 
example, 8% of the C™ of lactate-1-C™ was found in C-1 of tre- 
halose (Table IV), whereas 17 to 20% was found in C-3 and C4 
of trehalose with glycerol-3-C™ (Table III). The C* of lactate- 
1-C™ presumably reached the C-1 of the glucose unit of trehalose 
via dihydroxyacetone phosphate and thus might be expected to 
traverse a pathway similar to that of the glycerol-3-C™. Also 
with glycerol-1-C™“, 40 to 47% of the C™ was randomized into 
C-2 plus C-3 of the propionate (Table I), but with glucose-3,+ 
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C“ only 10 to 22% was randomized into these positions (Table 
II, (1)). It seems possible that a high concentration of dihy- 
droxyacetone phosphate may accumulate in the glycerol fer- 
mentation which, coupled with a high phosphatase activity, could 
Jead to a conversion of a large portion of the dihydroxyacetone 
phosphate to the symmetrical intermediate, dihydroxyacetone. 
It also is possible that there is a direct dehydrogenation of the 
glycerol at C-3 (2) to yield p-glyceraldehyde (23). In this case, 
the C from glycerol-3-C' would be converted to the carboxyl 
of propionate and the C* of glycerol-1-C™ to the C-2 and C-3 of 
propionate independently of the formation of a symmetrical Cs. 

One of the purposes of this study was to investigate whether 
the variation from expected C™ patterns in propionate arising 
from labeled glucose could be accounted for on the basis of a 
symmetrical C3 intermediate. Although no definite conclusion 
is possible, the results obtained with glycerol-1-C™ and glycerol- 
3-C4, with labeled glucose and unlabeled glycerol, and with 
lactate-1-C™, indicate that a symmetrical Cs; may play a con- 
siderable role in the randomization of the C™ in the propionic 
acid fermentation. However, it is unlikely that all the varia- 
tions from predictions can be accounted for on the basis of the 
occurrence of a symmetrical C3. In particular it is difficult to 
account for the high yield of C“O, from glucose-1-C™ (see the 
discussion by Wood et al. (1)). 

It is of interest that products of the propionic acid fermenta- 
tion may be used to study randomization at three different levels. 
Trehalose serves as an indicator at the triose phosphate level, 
acetate at the pyruvate level (1), and propionate and succinate 
at the C, level (9). 


SUMMARY 


Glycerol-1-C™ and glycerol-3-C™ have been used to detect. the 
presence of a symmetrical 3 carbon intermediate! in the propionic 
acid fermentation. If such intermediates do not occur, the 
propionate would have a different C* pattern from the two types 
of glycerol. It has been found that the propionate formed from 
either glycerol-1-C™ or glycerol-3-C™ is very similar and contains 
Cin all positions. The C™ activity was highest in carbon 1 and 
equal in carbons 2 and 3. This distribution is in accord with 
the sequential occurrence of symmetrical 3 and 4 carbon inter- 
mediates. 

Randomization at the level of triose phosphate was investi- 
gated by degrading the glucose units of trehalose. With glycerol- 
3-C™", the highest C™ concentration was in carbons 1 and 6 of the 
glucose units; there was somewhat less activity in carbons 3 and 
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4, and very little in carbons 2 and 5. It is concluded from these 
results that the C™ of glycerol was randomized almost completely 
by conversion of glycerol to a symmetrical 3 carbon compound 
before or after the formation of the triose phosphate which then 
was converted to the glucose units of the trehalose. 

A similar randomization via a symmetrical 3 carbon compound 
may account for some of the unusual C™ patterns which are ob- 
tained when labeled glucose is fermented with propionic acid 
bacteria. 


Acknowledgment—We gratefully acknowledge the expert tech- 
nical assistance of Mr. Sam Zito. 
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During the preparation and review of the paper on glycerol 
dissimilation by Stjernholm and Wood (1), it became evident 
that the term “symmetrical 3 carbon compound” is ambiguous. 
This ambiguity arises because the term symmetry has acquired 
a dual meaning in biochemical discussions. There is a type of 
symmetry which prevents the existence of optically active forms 
and there is a type which prevents the differentiation of identical 
groups in chemical reactions. Glycerol traditionally has been 
considered a symmetrical molecule because it is optically inac- 
tive, but it is not symmetrical when judged by the reactivity of 
its primary carbinol groups which are differentiated in biological 
systems, as was demonstrated by Schambye et al. (2), and by 
Swick and Nakao (3). It is the main purpose of this communi- 
cation to define the asymmetric characteristic which in glycerol] 
and many other compounds permits the differentiation of seem- 
ingly identical groups. 

The possibility of such discrimination was foreseen by Ogston 
(4), who showed that it could be effected by a three point attach- 
ment of a substrate like glycerol to the surface of an enzyme. 
Although this model of the substrate-enzyme complex clearly 
demonstrates a steric difference between the two carbinol groups, 
it apparently gave rise to the notion that this difference was not 
inherent but was acquired only upon attachment to the enzyme. 
The concept of a “biological asymmetry” which ascribes to the 
enzyme a unique role in the process of discrimination became un- 
tenable when Schwartz and Carter (5) demonstrated that the 
discrimination of structurally identical groups could still occur 
if a simple asymmetric reagent like 1-a-phenethylamine was sub- 
stituted for an enzyme. As in the case of glycerol, the substrate 
in this experiment was of the structural type Caabe which signi- 
fies a central carbon atom substituted with four symmetrical 
groups of which two (a) are identical, but different from the two 
other dissimilar groups (b and c). The steric nonequivalence of 
the (a) groups which was shown by their discrimination by the 
asymmetric reagent can also be detected by inspection of molecu- 
lar models (5). Schwartz and Carter suggested several ways by 
which this fact could be recognized, including the following ob- 
servation. Although the molecule Caabc possesses a plane of 
symmetry which bisects the central carbon atom as well as the 


* Supported by Grant C-1679 of the National Institutes of 
Health, United States Public Health Service. 

1 This experiment has been criticized on the grounds that the 
process was reversible (6). Although this would have a bearing 
on the mechanism of discrimination, it does not alter the fact that 
discrimination occurred. Moreover, this writer has learned from 
Dr. Carter that unpublished control experiments established the 
irreversibility of the process. 
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(b) and (c) groups, the resulting halves are not identical since 
they cannot be superimposed upon each other. Since this situa- 
tion resembles the one prevailing in the meso form of a compound 
possessing a plane of symmetry which bisects the molecule into 
two nonsuperimposable halves, the central carbon of Caabc hag 
been designated as a meso-carbon atom (5). It represents the 
simplest structural type which permits the differentiation of the 
two (a) groups. Any further simplification of the structur 
Caabc, such as the substitution of (c) either by an (a) or bya 
(b) group, results in a compound which no longer allows the dis- 
crimination of the (a) groups (5). The concept of the meso- 
carbon atom is one of great utility, because whenever a structure 
contains one or more meso-carbon atoms, the differentiation of 
their like substituents is possible. However, it is not a universal 
criterion, because there exist structures which permit the dif- 
ferentiation of structurally identical groups that are not sub- 
stituents of meso-carbon atoms. Illustrations of this fact will 
be presented in the “Survey” given below. Since Schwartz and 
Carter could account for the asymmetric behavior of like sub- 
stituents of meso-carbon atoms by the asymmetric location of 
each (a) group relative to the remainder of the molecule (Cabc-), 
they thought it would be desirable to distinguish these sterically 
distinct positions by appropriate designations, but refrained from 
making specific suggestions. A nomenclature which would serve 
this purpose will be proposed in this communication. 

Before this analysis (5), Wilcox (7) had presented the problem 
of differentiation from another point of view. If one of the (a) 
groups in Caabc is isotopically labeled as in Caa*bc, the struc- 
ture no longer has a plane of symmetry if the two isotopes are 
considered as distinct atoms. Such compounds were termed 
“fsotopic pseudoasymmetric” by Wilcox and “isotopically asym- 
metric” by Karnovsky et al. (8). Wilcox’s attempt to explain 
differentiation by this variant of the usual asymmetry was not 
completely successful because his criterion (7), although not 
limited to the structural type Caa*be, does not describe all struc- 
tures which permit differentiation.2 Moreover, the concept of 
isotopic asymmetry tends to obscure the cause of asymmetric 
behavior by focusing attention on a tool which can, but fre- 
quently need not, be used (5, 11, 12) to demonstrate the phe- 
nomenon of differentiation. Even when applied, the success of 
isotopic labeling in detecting differentiation depends on the fact 


2 One structural type Caa(+b)(—b) has been noted previously 
(9). Additional cases in which the rule of Wilcox does not pre- 
dict differentiation are exemplified by the pairs of hydrogen atoms 
attached to C-4 in citric acid and to C-2 or to C-4 in cyclohexanol 
(XI). Another criterion was proposed by Racusen and Aronoff 


(10), but this rule was shown to have exceptions (5, 9). 












that 
and, 1 
into t 


Tw 
supe! 
one ¢ 
differ 
facili 
by tl 
of ac 
itself 
coine 
of th 
then 
no re 
grou] 
be e 
the ii 
prod 
prod 
if R 
feren 
abilit 
cally 
antiy 
X"(- 
Sines 
likel: 
tion 
is po 
poss’ 
the ¢ 
the « 
(a”) 
com| 
coin 
able. 
acet 
glyc 
canr 

In 
be si 
tion 
of sy 
finec 
met: 
be s 
tipo 
itsel 
whi 

Re 
refe 
a8 11 

4 
ably 
tion 
hex: 
the 
turs 
agel 





Ohio 


since 
situa- 
pound 
e into 
ye hag 
ts the 
of the 
icture 
bya 
1e dis- 
meso- 
icture 
ion of 
versal 
e dif 
| sub- 
t will 
1Z and 
2 sub- 
ion of 
abc-), 
rically 
| from 
serve 


oblem 
he (a) 
struc- 
es are 
ormed 
aSym- 
«plain 
is not 
h not 
struc- 
spt of 
netric 
t fre- 
phe- 
ess of 
e fact 


ously 
t pre- 
atoms 
xanol 
ronoft 














October 1960 


that the enzyme or reagent is unable to detect the label (7, 8, 13) 
and, therefore, ignores the asymmetry which has been introduced 
into the molecule with the isotope. 


ROTATIONAL AND REFLECTIVE SYMMETRY 


Two objects can be regarded as identical only if they can be 
superimposed upon each other. With the use of this principle 
one can arrive at a general criterion for the steric equivalence or 
difference of structurally identical groups (or atoms) (9). To 
facilitate the discussion, these identical groups will be designated 
by the distinct symbols (a’) and (a”). Ifa molecular model 
of a compound containing such groups can be superimposed upon 
itself in such a way that the (a’) group of one representation 
coincides with the (a”) group of the other, and every other atom 
of the first representation coincides with a like atom of the other, 
then obviously these two arrangements are indistinguishable and 
no reagent can react preferentially with either the (a’) or (a”) 
group. Conversely, if such superposition is impossible it will 
be equally impossible to superpose the product* resulting from 
the interaction of a reagent R with one of the (a) groups upon the 
product resulting from its interaction with the other. The two 
products, therefore, are not identical but may be mirror images 
if R isa symmetrical reagent. If they are mirror images,‘ no dif- 
ferentiation can occur because both products possess equal prob- 
ability of formation and equal stability. However, if R is opti- 
cally active (e.g. (+)R), the two products cannot be optical 
antipodes because the mirror image of the product X(+)R is not 
X'(+)R but X’(—)R, if X’ indicates the mirror image of X. 
Since different compounds which are not optical antipodes are 
likely to differ at least to some extent in the ease of their forma- 
tion and in their stability, differentiation of the two (a) groups 
is possible. If the reagent is an enzyme, differentiation whenever 
possible is likely to be complete, although this is not invariably 
the case (14). We conclude, therefore, that a compound permits 
the differentiation of two structurally identical groups (a’) and 
(a”) if and only if it is impossible to superpose a model of the 
compound upon itself in such a way that the (a’) and (a”) groups 
coincide and the two arrangements are otherwise indistinguish- 
able. Application of this test to glycerol (J) and to dihydroxy- 
acetone (JI) (Fig. 1) shows that the primary carbinol groups of 
glycerol can be differentiated, but those of dihydroxyacetone 
cannot. 

In general, a finite rigid object is termed symmetrical if it can 
be superposed : (7) on its mirror image, or (2) upon itself in a posi- 
tion which differs from the original one. Although the meaning 
of symmetry as usually used in chemistry is restricted to that de- 
fined by the first criterion, it is evident that both types of sym- 
metry are of importance in this field. If a molecular model can 
be superposed upon its mirror image, resolution into optical an- 
tipodes is impossible. If the model can be superimposed upon 
itself in a novel arrangement, the identical groups (a’) and (a”) 
which thereby come into coincidence cannot be differentiated 


’ The term ‘‘product’’ is used here in a broad sense. It may 
refer to a compound, to the association of two or more substances 
as in a substrate-enzyme complex, or to a transition state. 

4 Even if R has no optical activity, the products are not invari- 
ably mirror images of each other, and if they are not, differentia- 
tion is possible. For example, the two hydrogens at C-2 in cyclo- 
hexanol (XJ) can be differentiated by symmetrical reagents as in 
the stereospecific eliminations to form cyclohexene. The struc- 
tural requirements for differentiation by optically inactive re- 
agents are stated in footnote 14. 
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Fic. 1. Examples of rotational symmetry and asymmetry. 
Rotation of dihydroxyacetone (JZ) around an axis coincident 
with the carbonyl bond permits superposition of the carbinol 
groups, whereas glycerol (Ja) if rotated, e.g. 180° around an axis 
perpendicular to the plane of the paper, gives Ib which is different 
fromJa. pv-Tartaric acid (IIJ) and succinic acid (V) can be super- 
posed upon themselves by such a rotation, but meso-tartaric acid 
(IVa) cannot. If the latter is rotated around an axis in the plane 
of the paper as indicated, Vb results which is again different 
from IVa. 

In Figs. 1 to 3 solid triangles signify bonds which project from 
the bases towards the reader, whereas broken lines extend from 
the central carbon atoms away from the reader. 


in any reaction. It follows, therefore, that the differentiation of 
the primary carbinol groups of glycerol is indeed caused by a lack 
of symmetry in its structure, but of a symmetry which differs 
in kind from the one which prevents the resolution of glycerol 
into optical antipodes. 

To distinguish the two types of symmetry which characterize 
structures that can be superimposed either on their mirror images 
or in a new way upon themselves, the terms reflective and rota- 
tional symmetry have been used (15).5 These terms refer to 
diagnostic tests for such symmetries. Mathematical analysis 


5 These two terms are shorter and probably better suited for 
discussions such as the one given by Stjernholm and Wood (1) 
than the customary designations in terms of axes of symmetry. 
To avoid any ambiguity, the term ‘rotational symmetry’’ as used 
in this paper corresponds to the presence of a simple axis of sym- 
metry greater than one, and the term “reflective symmetry”’ to 
the presence of an alternating axis of symmetry. (In current 
terminology ‘‘axis of rotatory inversion”’ is preferred to the more 
familiar ‘‘alternating axis of symmetry”’ (16).) 
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has shown that two identical rigid objects (or two positions of 
the same object) with the same center of gravity can always be 
superimposed by a rotation. Furthermore, any rigid object 
which can be superimposed upon its mirror image can always be 
made to yield an arrangement indistinguishable from the original 
by means of a reflection in a plane (which produces the mirror 
image) to be followed, if necessary, by a rotation (which brings 
this mirror image into coincidence with the original). Therefore, 
a structure has reflective symmetry if an indistinguishable arrange- 
ment can be obtained either by a reflection alone or by a re- 
flection in combination with a rotation. Such a structure can be 
superimposed upon its mirror image and, therefore, cannot exist 
in an optically active form. A structure has rotational symmetry 
if another arrangement indistinguishable from the first can be ob- 
tained by a rotation alone. Structurally identical groups which 
can be brought into coincidence by such a rotation cannot be 
differentiated in any reaction.’ Both types of symmetry can 
coexist in the same compound and either of them can occur with- 
out the other. For example, dihydroxyacetone (IJ) has both; 
p-tartaric acid (III) lacks reflective symmetry but has rotational 
symmetry and its identical groups (carboxyl, carbinol, hydrogen), 
which all can be superimposed (Fig. 1), therefore cannot be dif- 
ferentiated; meso-tartaric acid (IV), on the other hand, which 
has reflective symmetry but no rotational symmetry per- 
mits the differentiation of its structurally identical groups. It 
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should be emphasized that rotational symmetry prevents the 
differentiation only of those groups which can be brought into 


6‘ The two main criteria for this type of symmetry, the plane 
and the center of symmetry, are special cases of this general rule 
and can readily be derived from it. If no rotation is required 
the structure has a plane of symmetry. If an indistinguishable 
arrangement results from a reflection in a plane followed by a 
rotation through 180° around an axis perpendicular to this plane, 
the structure has a center of symmetry. 

7™The converse statement that a compound with rotational 
asymmetry cannot have indistinguishable groups is strictly true 
only if the compound can be adequately represented by a rigid 
molecular model (9). Minor complications can arise from rota- 
tions around single bonds and are common to all stereochemistry. 
This problem is met most readily if we consider groups as indis- 
tinguishable, also if they can be superposed by a rotation around 
a single bond which yields an otherwise indistinguishable arrange- 
ment. For example, although creatinine lacks rotational sym- 
metry, the three hydrogen atoms of its methyl group are sterically 
equivalent as shown by a rotation around the methyl-nitrogen 
bond. 
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coincidence by operating the test for suck symmetry. For ex- 
ample, the rotation which demonstrates the rotational symmetry 
of succinic acid (V) permits the superposition of the methylene 
and the carboxyl carbons and of two pairs of hydrogen atoms 
(labeled (a’) and (a’’’’); (a) and (a’”)). No rotation, however, 
allows the superposition of (a’) or (a’’”’) on either (a’’) or (a’”) 
and these pairs, therefore, can react at different rates. Similarly, 
the two carbinol groups of dihydroxyacetone are indistinguish- 
able, but the two carbon-bound hydrogens at each carbinol are 
sterically distinct. The utility of the rotation test is particularly 









apparent in the case of the inositols. It shows almost at a glance 
that muco-inositol (VI) contains three pairs of carbon atoms 
(numbered 1 and 4, 2 and 5, and 3 and 6) which cannot be dif- 
ferentiated. These pairs are sterically distinct from each other 
as are all six carbon atoms of myo-inositol (VII). 


NOMENCLATURE 


Two systems of nomenclature have been proposed for labeled 
glycerol. Schambye et al. (2) have suggested that the isomer of 
labeled glycerol which when fed to rats gives rise to glucose-3 ,4- 
C" be called glycerol-1-C™ in conformity with lactate-1-C™, which 
also is converted to glucose-3,4-C'%. Karnovsky et al. (8) de- 
termined the configuration of this type of labeled glycerol and 
called it L-glycerol-1-C™ and thereby gave to glycerol-3-C™ the 
designation p-glycerol-1-C. Neither system provides a satis- 
factory nomenclature for all purposes. The p-L nomenclature is 
limited to isotopically labeled componds. It therefore gives 
no opportunity to express the fundamental fact that the two 
primary carbinol groups of unlabeled glycerol are sterically dis- 
tinct. Obviously, if the differentiation of ‘identical’ groups is 
demonstrated without isotopes (11, 17), this p-L system cannot 
be used. The numbering system of Schambye et al. (2) does not 
disclose the steric structure. It is based on a metabolic reaction 
as effected by a specified organism. In this case, experimental 
details may influence the numbering since it cannot be taken 
for granted that different enzymes act in the same manner.® 
Every extension of this system to other compounds requires 
similar specifications of the enzyme system and of the reaction 
product which is used for numbering the precursor. 

The system now proposed is based on steric structure and is 
applicable to unlabeled compounds if they contain identical 
groups which can be differentiated. If atoms of such groups are 
customarily designated by number (e.g. carbon atoms) conven- 
tional numbering permits two ways to number a given atom. 
The proposed system determines which of these numbers is to be 
used. Where numbering is not customary, as in the case of 
hydrogen atoms, it is suggested to differentiate the two distinct 
orientations by the symbols (A) and (P) (derived from the Latin 
words ante, in front of, and post, behind). To make the neces- 
sary conventions as few in number and as widely applicable as 
possible, it seemed desirable to use some of the rules of the (R)- 
(S) system which has been devised by Cahn et al. (18) for des- 
ignating asymmetric configurations. Although their system at 
times ignores close structural similarities, it possesses the great 
advantage of universal applicability. 

8 As yet, this differentiation has not been observed (14). 

® Recently, Moore described a rat liver preparation which ap- 
parently converts glycerol directly to p-glyceraldehyde (17). A 
conversion of labeled glycerol to glucose which would proceed by 
this pathway should result in a labeling different from the one 


observed under the conditions of Schambye et al. (2), (e.g. labeling 
at 1 and 6 instead of 3 and 4). 
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In the (R)-(S) system of Cahn et al. one determines the priority 
sequence of the substituents of an asymmetric atom. This se- 
quence is in the order of decreasing atomic numbers of the atoms 
bound to the asymmetric center. If the relative priority of two 
or more atoms cannot be established in this manner, a similar 
comparison of the atomic numbers of their substituent atoms is 
made. If there is still no difference one continues on outward 
until a decision can be reached. For proper interpretation of 
this and of a few supplementary rules, the original paper (18) 
should be consulted. For the examples given here and for many 
others of biochemical interest, it will be sufficient to recognize the 
following priority order of substituents: 

OH, NH2, COOH, ketone, aldehyde, tertiary, secondary, pri- 
mary carbinol, tri-, di-, monoalkylated CH;, CHs, and H. 

If the sole difference between two groups lies in their geometry, 
cis has priority over trans. If they differ only in their configura- 
tion, the one assigned the (R) takes precedence over the one as- 
signed the (S) configuration. These configurations are de- 
termined by viewing a three-dimensional model from the side 
opposite to the substituent with the lowest priority. They are 
called (R) and (S), respectively, if the sequence of the remaining 
three substituents in the order of their priorities describes a 
clockwise (rectus, right) or counterclockwise (sinister, left) turn 
(Fig. 2). 

If this procedure is applied to a structure exemplified by Caabc, 
no configuration can be determined because the two (a) groups 
have the same priority. The system, however, can still be uti- 
lized for our purposes if we arbitrarily assign a fixed configuration 
to such compounds. We then can reverse the process and de- 
termine a priority order for the structurally identical substituents 
(a). In order to avoid a numbering system different from the 
one chosen for glycerol on biogenetic grounds (2), the (S) config- 
uration has been adopted as the frame of reference. The system 
can be formalized by two rules. 

Rule 1—The symbols for the four substituents (a), (a), (b), (c) 
are chosen so that (b) has a higher priority than (c) in the Cahn- 
Ingold-Prelog system (18). The molecular model is viewed from 
the side opposite to (c). Starting from (b) in a counterclockwise 
direction, the first (a) group reached is assigned, as appropriate, 
either the lower number or the (A) orientation (Fig. 3). An 
alternative formulation of this rule, which is suitable chiefly for 
aliphatic compounds, may be more convenient in this field. A 
Fischer projection of Caabe which shows the higher priority sub- 
stituent (b) to the left and the (c) substituent to the right has 
the (a) group with the lower number or (A) orientation above 
the central carbon. Conversely, if the (b) group is above and 
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CH.OH, H. The compound has the (S) configuration. 
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Fia. 3. Designation of the sterically distinct positions in glycerol. 


the (c) below the central atom, the (a) group with the lower num- 
ber is on the left. 

Rule 2—In internally compensated structures the asymmetric 
center with the (R) configuration is given the lower number. If 
there are two or more pairs of asymmetric centers, that number- 
ing system is chosen which results in the (R) configuration for 
the asymmetric carbon atom with the lowest number." 

The use of these rules will be illustrated by examples given in 
the next section. 


SURVEY OF STRUCTURAL TYPES WITH REFLECTIVE SYMMETRY 
WHICH PERMIT DIFFERENTIATION”? 


1. Differentiation of Like Substituents of Meso-Carbon Atoms— 
As shown by the rotation test, the two structurally identical 
groups attached to a meso-carbon atom (Fig. 1, J) can be dif- 
ferentiated. Examples of meso-carbon atoms are C-2 of glycerol 
(Fig. 3), C-3 of citric acid (VIII)," C-1 of cyclohexanol (XJ), 
and the two methylene carbon atoms of succinic acid (V). The 
stereonomenclature for these compounds is determined by Rule 


10 Tf a Fischer projection is not presented in such a manner that 
this rule can be applied, it should be rotated in the plane of the 
paper by 180° but not by 90°. All projection formulas given 
(VIII-X) are Fischer projections. The term implies that the 
substituents above or below a central carbon atom are farther 
from the observer than those shown to the right or left. 

11 Although it would have been more in keeping with the rules 
of Cahn et al. to select the asymmetric center nearest the plane 
or center of symmetry as the one determining the direction of 
numbering, the above rule was chosen since it can be applied not 
only to aliphatic structures but also to such cyclic compounds as 
the inositols. In the numbering system of theinositols by Fletcher 
et al. (19), two ‘“‘stereochemically equivalent carbon atoms” are 
chosen as number 1. These alternate choices for C-1, however, 
are sterically not equivalent since they possess antipodal con- 
figurations. Application of Rule 2 unambiguously selects one of 
these alternatives and results in a numbering system identical 
with the one used by Magasanik (11) in summarizing the action of 
Acetobacter suboxydans (Table I in reference (11)) and by Cahn 
et al. (18). 

12 This survey is not exhaustive and is limited to structural 
types that have been or might be encountered in biochemical 
studies. 

13 Martius and Schorre (13) have proposed a configuration for 
the dideuterocitric acid obtained from oxalocitramalic acid lac- 
tone. This configuration is based on the application of the lac- 
tone rule to the optical rotation of this lactone and indicates that 
C-4 in VIII is converted to the keto group of a-ketoglutaric acid. 
The numbering which results from the application of Rule 1 does 
not agree with the one chosen by Mosbach et al. (20). Also, it 


should be noted that Martius and Schorre (13) present i-dideu- 
terocitric acid in a projection formula which does not conform to 
the Fischer convention (5). 
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1. The carbon-bound hydrogen atoms of succinic acid which 
in V are labeled (a’) and (a’’”’) have the (A) orientation; the 
two others, the (P) orientation. 


COOH (1) CH.0H (1) 
(A) HCH (2) HOCH (R) (2) 
Hod—cooH (3) HoH (S) (3) 
(P) HCH (4) HCOH (R) (4) 
boox (5) HOCH (S) (5) 
bu,0H (6) 
VIII Ix 

COOH (1) 

HONH, (R) (2) 

(A) HCH (3) 

(A) HoH (4) 

(P) HCH (5) 

HONH, (S) (6) 

OOH (7) 


x 


2. Differentiation of Other Like Groups in Compounds Contain- 
ing Meso-Carbon Atoms—Schwartz and Carter (5) in defining 
a meso-carbon atom specified that every substituent group of 
such an atom possesses a plane of symmetry. It is readily seen 
that C-1 and C-3 in glycerol (Fig. 3) are not meso-carbon atoms, 
because one of their substituents (—CH(OH)-CH,OH) has no 
plane of symmetry. Similarly, C-2 and C-4 of citric acid (VIII) 
and C-2 to C-6 of cyclohexanol (XJ) are not meso-carbon atoms. 
Nevertheless, the rotation test shows that their like substituents 
(hydrogen atoms) also can be differentiated from each other. It 
is desirable to distinguish these centers from meso-carbon atoms 
because the latter but not the former require optically active 
reagents for the differentiation of their structurally identical 
substituents. 

The orientations of the hydrogen atoms of the methylene 
groups of J (Fig. 3), VIJI, and XJ can be assigned by means of 
Rule 1. This is possible even for the hydrogens at C-4 in cyclo- 
hexanol (XJ), if one takes into account that C-3 has a higher 
priority than C-5. However, in the case of cyclic structures the 


14 If a molecule has structurally identical groups (a’) and (a”) 
which can be differentiated according to the rotation test, their differ- 
entiation requires an optically active reagent, only if the molecule 
has reflective symmetry and if (a’) and (a”) can be brought into 
coincidence by operating the test for such symmetry. For ex- 
ample, cyclohexanol (XJ) has no rotational symmetry and all of 
its hydrogen atoms, therefore, can be differentiated. The mole- 
cule has a plane of symmetry which bisects C-1 and C-4. The 
hydrogens at C-2 and at C-6 which are cis to the hydroxyl occupy 
corresponding positions across the plane of symmetry. They 
are brought into coincidence by reflection in this plane and, there- 
fore, can be differentiated only by optically active reagents. 
However, the two hydrogens at C-2, both of which lie on the same 
side of the plane of symmetry, or the ones at C-4, which lie within 
this plane, are not mutually superposed by reflection in the plane 
of symmetry and therefore allow differentiation by optically in- 
active reagents. Similarly, in a meso compound Caa(+b)(—b) 
the differentiation of the (a) groups is possible with any reagent, 
whereas a reagent differentiating between the (b) groups must be 
optically active. 


Rotational Asymmetry 
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(A)-(P) nomenclature is not needed since it is more convenient 
to designate the orientations of the various hydrogen atoms of 
cyclohexanol in the conventional manner by stating their cis or 
trans relationship to the hydroxyl group. 

3. Differentiation in Compounds with Asymmetric Carbon Atoms 
—These structures are exemplified by meso-tartaric acid (IV), 
muco-inositol (VI), myo-inositol (VII), dulcitol (JX), and meso- 
2,6-diaminopimelic acid (X) (12). In these meso compounds 
the direction of numbering of the carbon atoms is determined 
by Rule 2. The assignment of the (A) and (P) orientations for 
the carbon-bound hydrogens in X requires the use of Rule 1. 

4. Differentiation in Compounds with Rotational Asymmetry 
of the Axial’® Type—Although the exocyclic carbon atom in XII 
is not a meso-carbon atom, the two hydrogens attached to it can 
be differentiated, since the structure lacks rotational symmetry. 
As explained by Cahn e¢ al. (18) the four substituents to be con- 
sidered in this case are the hydroxyl (b) and the alkyl-bound hy- 
drogen (c) at C-1 and the two hydrogens (a) attached to the ole- 
finic carbon. Use of Rule 1 leads to the assignment shown in 
XII. 


NOMENCLATURE OF ISOTOPICALLY LABELED COMPOUNDS 
WHICH PERMIT DIFFERENTIATION 


Ordinarily, the same numbering system is used for isotopically 
labeled compounds as for their normal analogues. It is justified, 
therefore, to refer to p- and L-glycerol-1-C™ also as glycerol-3-C™ 
and glycerol-1-C™, respectively. In the p-L system the position 
of the labeled atom is held constant and the orientations of the 
hydroxy] and hydrogen at C-2 are used as the index of isomerism. 
This is a logical nomenclature for chemical studies such as the 
preparation of the isomers from an enantiomorphic pair like p 
and t-glyceric acid-1-C™ (8). In the system now proposed, the 
orientations of the hydrogen and of the hydroxyl are held con- 
stant and the position of the labeled carbinol group is used as in- 
dex of isomerism. The two isomers of labeled glycerol when 
adsorbed on a stereospecific enzyme must show the same orienta- 
tions of the four substituents (reacting, nonreacting primary car- 
binol, hydroxyl, and hydrogen) relative to the enzyme surface. 
If the orientations were different for the two isomers, the enzyme 
would be able to detect the position of the labeled atom which, as 
was pointed out above, is not the case. Therefore, the system 


18 The term “axial” is used here in the same sense as employed 
by Cahn et al. (18). 
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which fixes the orientations of the substituents rather than the 
position of the isotope is the logical one to describe metabolic 
studies. Consequently, if we designate the two isomers as glyc- 
erol-1-C™ and glycerol-3-C™ we can present experimental data 
with greater clarity and succinctness. For example, this system 
allows one to summarize the observations that L-glycerol-1-C™ 
phosphorylates at C-3 and p-glycerol-1-C™ at C-1 (8) with the 
statement that regardless of the site of labeling, glycerol is phos- 
phorylated at C-3. 


SUMMARY 


The symmetry properties which determine whether a com- 
pound can have structurally identical substituents that cannot 
be differentiated in chemical reactions, are distinct from the 
symmetry properties which determine whether it can have op- 
tical activity. The two types of symmetry are termed rotational 
and reflective symmetry. A structure has reflective symmetry 
if it can be superposed on its mirror image. Rotational sym- 
metry is present if a rotation of the molecule produces another 
indistinguishable arrangement. All groups (or atoms) which can 
be brought into coincidence by such a rotation react at identi- 
cal rates, whereas those which cannot be superposed in an in- 
distinguishable arrangement can be differentiated by their re- 
activity. In many, but not all cases, this differentiation requires 
an optically active reagent such as an enzyme. A rule is given 
which states when differentiation by optically inactive reagents 
can occur. 

A nomenclature has been proposed which allows one to des- 
ignate by different numbers or symbols, structurally identi- 
cal groups which can be differentiated. It is applicable to la- 
beled and unlabeled compounds. 


H. Hirschmann 
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Acetylgalactosamine monosulfates have been prepared in this 
laboratory by chemical sulfation of acetylgalactosamine with 
chlorosulfonic acid in pyridine (1) and by separation of the 
products of mild acid hydrolysis of UDP-GalNAc-S! from hen 
oviduct (2). These two compounds can be separated by paper 
chromatography. GalNAc-S** prepared enzymatically by trans- 
fer of S**-sulfate from S**-phosphoadenosine-phosphosulfate to 
GalNAc was shown to be chromatographically identical to the 
GalNAc-S derived from the nucleotide (1). Data are presented 
in this paper to support assignment of the sulfate on GalNAc in 
these isomers to the 4-position for GalNAc-S from the nucleotide 
and to the 6-position for chemically synthesized GalNAc-S. In 
addition, GalNAc-S has been isolated for the first time from 
chondroitin sulfate A, from chondroitin sulfate B, and from 
chondroitin sulfate of shark cartilage ;? the positions of the sulfate 
residues in these compounds have been determined. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Preparation of GalN Ac-S—Chemically synthesized GalNAc-S 
and GalNAc-S from the uridine nucleotide, previously described 
(1), were each dissolved in methyl alcohol and precipitated with 
excess acetone at —15°. White amorphous powders were ob- 
tained. 

Chondroitin sulfates A and B were the same preparations as 
employed previously (1) and were kindly given by Dr. Roger 
Jeanloz. Chondroitin sulfate of shark cartilage (4) was the gift 
of Dr. F. Egami. 

For isolation of GalNAc-S from ChS-A, 1 g of ChS-A was 
incubated with 10 ml of 0.2 m phosphate buffer, pH 7.8, 2 ml of 
0.5 m NaF, and 100 ml of chondroitinase from Proteus vulgaris 
(Fraction B, (5)).4 Phosphate and fluoride partially inhibited 


* Present address, Department of General Education, Nagoya 
University, Nagoya, Japan. 

t Supported by Grant A-1158 from the National Institute of 
Arthritis and Metabolic Diseases. 

1 The abbreviations used are: UDP-GalNAc-S, uridine diphos- 
pho-N-acetylgalactosamine sulfate; GalNAc, acetylgalactos- 
amine; GalNAc-S, acetylgalactosamine monosulfate; ChS-A, 
Ch8-B, and Ch8S-C, chondroitin sulfates A, B, and C. 

2 ChS-A, ChS-B, and ChS-C are isomeric substances, the struc- 
ture and nomenclature of which have recently been discussed (3). 
Chondroitin sulfate of shark cartilage (4) is similar to ChS-C but 
recent evidence indicates that it is a distinct polysaccharide 
(S. Suzuki, J. Biol. Chem., in press). 

5 We are extremely grateful to Dr. B. Spencer and Dr. K. S. 
Dodgson for a gift of acetone powder of Proteus vulgaris, N.C.T.C. 
4636. 
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the chondrosulfatase in the enzyme preparation. After 24 hours 
at 37°, 5 ml of 1 N acetic acid were added. The mixture was 
boiled for 5 minutes and centrifuged. The supernatant solution 
was placed on a column containing a mixture of 15 g each of 
Darco G-60 and Celite 535. The column was washed with 200 
ml of HO, and then all of the oligosaccharides were eluted with 
200 ml of 5% pyridine. The eluate was taken to dryness on a 
rotating evaporator, and then desiccated over P,O;. The yield 
was 0.75 g. This powder was dissolved in 2.5 ml of water. The 
solution was applied as bands (57 cm) on 8 sheets of Whatman 
No. 3 MM filter paper which were then chromatographed by the 
descending technique in Solvent B for 48 hours. Guide strips 
were cut and sprayed with aniline hydrogen phthalate (Fig. 1). 
In contrast to the previous report (6), all of the disaccharide 
produced by this enzyme contained the A4, 5-unsaturated uronide 
moiety (previously detected in digests of ChS-A by an enzyme 
from Flavobacterium heparinum (7)) and will be considered in a 
later paper. GalNAc-S was also detected as the smallest com- 
ponent of the digest (26 mg as sodium salt), and will be considered 
here. The origin of this GalNAc-S is not known. The disac- 
charide monosulfate containing the A4,5-uronide moiety was 
completely resistant to $-glucuronidases from beef liver and 
limpet (obtained from Sigma Chemical Company). However, 
this compound may be slowly hydrolyzed by a special “glucuroni- 
dase” in the crude chrondroitinase preparation. GalNAc-S 
could have arisen also from those polysaccharide chains bearing 
this sugar on the nonreducing end. 

GalNAc-S from ChS-B was prepared by the same procedure 
(yield 0.6 mg from 100 mg of ChS-B). 

When chondroitin sulfate of shark cartilage (0.8 g) was digested 
with the Proteus enzyme preparation, no GalNAc-S was detected 
among the reaction products. To obtain GalNAc-S, 100 mg of 
A4,5-glucuronido-GalNAc-S were dissolved in 20 ml of 0.04 N 
HCl, and this solution was placed in a boiling water bath for 1 
hour. HCl was removed by desiccation ina vacuum. GalNAc- 
S was a product of the hydrolysis and was isolated by paper 
chromatography in Solvent B (yield 42 mg). By the same 
procedure larger amounts of GalNAc-S were also prepared from 
the A4,5 unsaturated sulfated disaccharides obtained from 
ChS8-A and from ChS-B with a similar yield. 

Periodate Oxidation—The technique of Jeanloz and Forchielli 
(8) for acetylglucosamine and its derivatives was modified to a 
micro scale. To 0.125 umole of substance in 7 ul of water were 
added 2 ul of 5 mM acetate buffer, pH 4.5, and 10 wl of 0.05 N 
periodic acid. After an interval in the dark at room temperature, 
16 ul of 10% NaHCO; and 25 ul of a solution containing NaHCO; 
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Fic. 1. Paper chromatographic separation in Solvent B of a 
digest of ChS-A by a crude chondroitinase preparation from 
Proteus vulgaris. 


(0.1%), KI (0.4%), and NaAsOz (0.05 N) were added. The 
mixture was allowed to stand for 15 minutes in the dark at room 
temperature during which time excess periodate was reduced to 
iodate. A 2% starch solution (2 ul) was then added and excess 
arsenite was titrated with 0.005 N iodine solution with Lang- 
Levy micropipettes. The titration value for a water blank was 
subtracted from the experimental tubes. 

Formaldehyde formation under the same conditions (except 
that NaHCO; and KI were omitted from the arsenite reagent) 
was measured with chromotropic acid as follows. After treat- 
ment with arsenite for 1 hour, 60 ul of water and 500 yl of chromo- 
tropic acid reagent (9) were added and the mixture was placed 
in a boiling water bath for 30 minutes. The purple color was 
measured at 570 my. A blank was obtained by adding the 
sample after reduction of periodate with arsenite. 

Other Analytical Procedures—Amino sugar was measured after 
N-acetylation with acetic anhydride by the procedure recently 
described (10). Acetylamino sugar was measured by the same 
procedure except that the acetylation step was omitted. Re- 
ducing value was determined by ferricyanide reduction (11), and 
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sulfate after hydrolysis in 6 N HCI for 8 hours by a micromodifica- 
tion of the benzidine procedure (12). 

Infrared Spectroscopy—Spectra were obtained with KBr pellets 
in a Perkin-Elmer spectrophotometer, model 21, with a NaCl 
prism. The amount of sample was 0.1 wmole and 90% ethanol 
was used to dissolve it. 

Paper Chromatography and Electrophoresis—Solvent A (iso- 
butyric acid-0.5 n NH,OH (5:3)) and Solvent B (n-butanol- 
acetic acid-water (50:12:25)) were used in descending chroma- 
tography on Whatman No. 3 MM filter paper. Paper 
electrophoresis (13) was carried out on Whatman No. 1 filter 
paper in 0.05 m acetate buffer, pH 5.2, at a potential gradient of 
about 15 volts per cm for 2 hours. Compounds were detected 
with the aniline hydrogen phthalate spray (14). When it be- 
came apparent that different compounds produced different 
colors with this spray and that the colored product could not be 
eluted from the paper, the procedure was modified for use in a 
3 ml-test tube as follows. To 0.1 umole of sample in 2 ul of 
water, 10 ul of reagent (0.46 ml of aniline and 0.8 g of phthalic 
acid in 50 ml of water-saturated n-butanol) were added. The 
tube was heated at 120° for 7 minutes. The dried colored mate- 
rial at the bottom of the tube was dissolved in 1 ml of concen- 
trated H.SO,. The color was stable for at least 1 hour. Its 
spectrum was measured against a blank from which the sample 
was omitted. 


RESULTS 

Periodate Consumption and Formaldehyde Formation—<Acety]- 
galactosamine consumed close to 5 moles of periodate per mole of 
sugar (cf. 8). On the other hand, GalNAc-S from the nucleotide 
consumed only 1 mole of periodate whereas synthetic GalNAc-S 
consumed 4 moles (Fig. 2). Formaldehyde (1 mole) was formed 
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Fic. 2. Rate of consumption of periodate and formation of 
formaldehyde during periodate oxidation of GalNAc, @——@; 
GalN Ac-(4)-S, O——O; and GalNAc-(6)-8S, Xx ——X. 
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Fia. 3. Oxidation of GalNAc-S isomers by periodate 





from GalNAc-S from the nucleotide during periodate oxidation, 
but at a lower rate than from GalNAc. No formaldehyde was 
formed from synthetic GalNAc-S (Fig. 2). 

The interpretation of these data (Fig. 3) is as follows. GalNAc 
consumed 3 moles of periodate primarily. Two additional 
moles were consumed in the oxidation of the hypothetical N- 
acetyl-2-aminomalonyl dialdehyde presumably formed in the 
primary reaction. GalNAc-(4)-S consumed 1 mole of periodate 
with formation of 1 mole of formaldehyde. Since the substituted 
malonyl! dialdehyde was not formed, the secondary oxidation did 
not occur. The slow consumption of periodate may be due to 
some stabilization of the pyranose ring by 4-substitution. 
GalNAc-(6)-S consumed 4 moles of periodate and no formalde- 
hyde was formed since the primary alcohol group is substituted. 
GalNAc-(3)-S would consume 2 moles of periodate with forma- 
tion of 1 mole of formaldehyde and GalNAc-(5)-S would con- 
sume 3 moles of periodate without formaldehyde formation. 
The data, therefore, are compatible only with assignment of 
GalNAc-(4)-S to the sugar from the uridine nucleotide and of 
GalN Ac-(6)-S to the synthetic compound; the compounds will be 
referred to in this manner hereinafter. 
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Extinction Coefficients in Modified Morgan-Elson Reaction— 
The extinction coefficients at 585 my were: for GalNAc, 9000; 
for GalN Ac-(4)-S from the nucleotide, 200; for synthetic GalN Ac- 
(6)-S, 10,000. It has been shown previously that substitution 
with a methyl group at the 4-position of acetylglucosamine 
abolishes the Morgan-Elson reaction whereas substitution at the 
6-position has no effect on the color reaction (15, 16). The data 
are, therefore, compatible with the positions assigned to the 
sulfate residues, based on periodate oxidation, and indicate that 
substitution with sulfate in GalNAc has the same effect on the 
color reaction as substitution by a methyl ether in acetyl- 
glucosamine. 

Infrared Spectroscopy—Infrared spectra of GalNAc, GalNAc- 
(4)-S from the nucleotide, and synthetic GalNAc-(6)-S (Fig. 4) 
all showed bands at 1648, 1555, 1375, and 1315 cm because of 
the acetyl-amino groups and in the region of 1000 to 1200 cm= 
because of the alcoholic structure of the sugars. The sulfate 
absorption at 1230 cm! was seen in both sulfated acetylgalacto- 
samines. New bands in the sulfated acetylgalactosamine were 
also seen in the region of 700 to 1000 cm. In GalNAc-(4)-S 
from the nucleotide these appeared at 695, 860, 890, and 920 em-!. 
In synthetic GalN Ac-(6)-S they were seen at 775, 820, and 992 
em-!, These groups of bands correspond, respectively, to bands 
previously found in ChS-A and Ch8-C (17-20). On theoretical 
grounds, they have been assigned to substitution of sulfate at the 
4-position in ChS-A and at the 6-position in ChS-C. The 
chemical data described above are compatible with these assign- 
ments. 

Other Properties—With the aniline hydrogen phthalate spray, 
GalN Ac-(4)-S gave a dark purple spot on paper chromatograms 
whereas GalNAc-(6)-S was brown. The spectra of the chromo- 
phores formed with aniline hydrogen phthalate in a test tube 
were quite distinct (Fig. 5). 

On paper chromatography in Solvent A, GalNAc-(4)-S (Rr = 
0.52) and GalNAc-(6)-S (Rr = 0.44) were separated (1). No 
separation was obtained in Solvent B or on paper electrophoresis. 

The reducing value of GalN Ac was equivalent to that of glucose 
in the ferricyanide reduction method. GalNAc-(4)-S had a 
reducing value of 75% and GalNAc-(6)-S, 85%. The difference 
between the sulfated acetylgalactosamines, although reproduci- 
ble, is not sufficiently large for purposes of characterization. 

Properties of GalN Ac-S Isolated from Chondroitin Sulfates— 
Chemical analyses indicated 0.9 to 1.0 umole of sulfate per umole 
of acetylgalactosamine in these compounds, and no glucuronic 
acid (as measured by the carbazole reaction). Various properties 
(Table I) indicate that GalNAc-S from ChS-A and from Ch8-B 
are identical to GalNAc-(4)-S, whereas GalNAc-S from chon- 
droitin sulfate of shark cartilage is identical to GalNAc-(6)-S. 
The bands observed in the infrared spectra (Fig. 4) also support 
these assignments. 


DISCUSSION 


These data provide strong presumptive evidence that sulfate 
is substituted on the 4-position of GalNAc in UDP-GalNAc-S and 
on the 6-position in GalNAc-S prepared by sulfation of GalNAc 
with chlorosulfonic acid. In confirmation of these assignments 
it would be desirable to prepare crystalline methyl ethers (or 
other crystalline derivatives) to compare with authentic model 
compounds. However, even the model compounds are not yet 
all available. 
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Fig. 5. Absorption spectra of chromophores obtained with ani- 
line hydrogen phthalate from GalNAc (Amax = 410 my), GalNAc- 
(4)-S (Amax = 530 my), and GalNAc-(6)-S (Amax = 450 my). 


Since GalNAc-S* prepared by enzymatic sulfation of GalNAc 
was chromatographically identical to GalNAc-(4)-S under condi- 
tions in which this isomer could be separated from GalNAc-(6)-S, 
the enzymatically synthesized compound is presumably GalN Ac- 
(4)-S*5. Definitive assignment of this position must await net 
synthesis of the enzymatic product. A second sulfate residue 
can be introduced into GalNAc-(4)-S either as the monosac- 
charide or as part of a polysaccharide (1). Since the 1- and 
3-positions are occupied by glycosidic linkages in the polymer 
chain, the 2-position is substituted by the acetylamino group, 
and the 5-position is in the pyranose ring, the second sulfate 
residue must be introduced at the 6-position. Proof of this 
assignment must also await isolation of the acetylgalactosamine 
disulfate in micromole quantities. 

The assignment of position of the sulfate in ChS-A, now sup- 
ported by isolation and chemical studies of GalNAc-(4)-S from 
the polymer, has hitherto been based only on the identity of the 
infrared spectrum of ChS-A to that of ChS-B. The position of 
the sulfate in ChS-B has been established by methylation studies 


Acetylgalactosamine Monosulfates 
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(21). The sulfate in ChS-C and in chondroitin sulfate of shark 
cartilage has been assigned to the 6-position of acetylgalacto- 
samine from theoretical consideration of their infrared spectra. 
This assignment is now supported by isolation and chemical 
studies of GalNAc-(6)-S from shark cartilage chondroitin sulfate. 


SUMMARY 


1. By means of periodate oxidation and a number of other 
procedures, strong presumptive evidence has been obtained that 
acetylgalactosamine sulfate derived from uridine diphospho-N- 
acetylgalactosamine sulfate by mild hydrolysis is acetylgalacto- 
samine-(4)-sulfate. Its chemically synthesized isomer, obtained 
by treatment of acetylgalactosamine with chlorosulfonic acid, 
appears to be acetylgalactosamine-(6)-sulfate. Enzymatically 
synthesized S**-acetylgalactosamine sulfate was chromatographi- 
cally identical with the 4-isomer. 

2. Infrared spectra of these isomers indicate that bands at 695, 
860, 890, and 920 cm~ are characteristic of the 4-isomer and 
those at 775, 820, and 992 cm- are characteristic of the 6-isomer. 
These data, therefore, support the assignment of the positions 
of sulfate in chondroitin sulfate A and chondroitin sulfate C 
which was based on theoretical considerations of their infrared 
spectra. 

3. Acetylgalactosamine monosulfates have also been prepared 
from chondroitin sulfate A, chondroitin sulfate B, and from 
chondroitin sulfate of shark cartilage. The compounds obtained 
from chondroitin sulfate A and chondroitin sulfate B were each 
identical, by the methods used, to the 4-sulfate of acetylgalacto- 
samine, whereas that obtained from chondroitin sulfate of shark 
cartilage was identical to the 6-sulfate isomer. 
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TABLE I 
Properties of N-acetylgalactosamine monosulfates isolated from various chondroitin sulfates 





Rp in Solvent A (color with aniline 


Preparation hydrogen phthalate 


Moles of HCHO| 


€585my in Morgan- | 
formed/mole* | | 


Ratio: SOs to 
Elson reaction Infrared peaks** GalINAc 





GalNAc-S from ChS-A 0.53 (purple, also brown 
trace at 0.44) 
0.52 (purple) 


0.44 (brown) 


GalNAc-S from ChS-B 
GalNAc-S from chondroitin sulfate of 
shark cartilage 





0.62 1,800t | 695, 860, 890, 920 0.96 
| } 

0.75 1,120t | 695, 860, 890, 920 0.93 

0.03 10,000 780, 815, 992 0.99 











* Periodate oxidations were carried out at 25° for 20 hours. 
** Peaks in the infrared spectra between 660 and 1000 cm“. 


+ These values suggest that these samples, which are predominantly GalNAc-(4)-S, may contain 10 to 15% of GalNAc-(6)-S. 


0.8 to 0.9 mole was formed from GalNAc-(4)-S under these conditions 





EE IEI DELI LE 


Retails 


PEIN os 


PS BMS. ESS 


er 


Oct 


10. 
ll. 


12. 
13. | 
14. 
15. | 





October 1960 


9. 
10. 


11. 


12. 
13. 
14. 
15. 


MacFapyen, D. A., J. Biol. Chem., 168, 107 (1945). 

STROMINGER, J. L., Park, J. T., AnD THoMpsoN, R. E., J. Biol. 
Chem., 284, 3263 (1959). 

Park, J. T.; anD Jounson, M. J., J. Biol. Chem., 181, 149 
(1949). 

Dopeson, K. S., anp SPENCER, B., Biochem. J., 55, 436 (1953). 

MarxkuaM, R., anp Smitu, J. D., Biochem. J., 52, 552 (1952). 

PARTRIDGE, 8S. M., Nature (London), 164, 443 (1949). 

Kuan, R., GauHe, A., AND Barr, H. H., Chem. Ber., 87, 1138 
(1954). 


S. Suzuki and J. L. Strominger 


2773 


. JEANLOZ, R. W., AnD TréméGE, M., Federation Proc., 15, 282 


(1956). 


. Orr, 8. F. D., Biochim. et Biophys. Acta, 14, 173 (1954). 
. Matruews, M. B., Nature (London), 181,: 421 (1958). 
. Horrman, P., Linker, A., AND MEYER, K., Biochim. et Bio- 


phys. Acta, 30, 184 (1958). 


. NAKANISHI, K., TakanasHI, N. anp Ecamti, F., Bull. Chem. 


Soc. Japan, 29, 434 (1955). 


. JEANLOZ, R. W., anv Storryn, P. J,, Federation Proc., 17, 


249 (1958). 





Tue Journat or BioLtogicaL CHEMISTRY 
Vol. 235, No. 10, October 1960 
Printed in U.S.A. 


Acetoacetic Acid Metabolism by Skeletal Muscle Fibers 


from Control and Diabetic Rats* 


Criarissa H. Beatry, Aticta Marcé, Ruta D. Pererson, Rose Mary Bocexk, anp Epwarp S. Wrst 


From the Department of Biochemistry, University of Oregon Medical School, Portland, Oregon 


(Received for publication, March 2, 1960) 


Previously we demonstrated that both diaphragm and ad- 
ductor fibers from alloxan diabetic rats take up less acetoacetic 
acid than diaphragm and fibers from control rats (1). To date 
it has not been possible to show an influence of insulin on ketone 
utilization by muscle (2). 

The present paper extends the previous work on acetoacetic 
acid uptake to pancreatectomized rats, which show a decrease 
in uptake similar to that found in alloxan diabetes, and also 
reports on the effect of glucose and of glucose and insulin on the 
acetoacetic acid uptake of skeletal muscle fibers from control 
and pancreatectomized rats. In agreement with present con- 
cepts of intermediary metabolism, insulin in the presence of glu- 
cose increased acetoacetic acid uptake by skeletal muscle fibers 
from either control or pancreatectomized rats. Furthermore, 
the amount of CO, formed from acetoacetate-C™ was decreased 
in fibers from diabetic as compared to control rats. 


EXPERIMENTAL PROCEDURE 


Methods 


Female Sprague-Dawley rats, weighing 180 to 220 g and fed 
on Purina chow, were used in the experiment on acetoacetic 
acid uptake. Food was taken from the rats at 9:00 a.m. At 
4:00 p.m. each rat was given 6 ml of evaporated milk by stomach 
tube and then fasted overnight. In view of the general toxic 
effects of alloxan, partially pancreatectomized rats were used in 
most of the experiments. The series of rats made diabetic by 
removal of approximately 95% of the pancreas had nonfasting 
blood sugar levels over 200 mg/100 ml by the seventh postopera- 
tive day, and 24-hour fasting levels between 200 and 490 mg/100 
ml at the time of the experiment (3 to 6 weeks after operation). 
These animals were mildly ketotic, with fasting blood aceto- 
acetic acid levels of 8.6 + 1.1 mg/100 ml and 8-hydroxybutyric 
acid levels of 7.5 + 0.9 mg/100 ml (-+s.e.,1 = 12). The pan- 
createctomized rats were fed ground Purina chow containing 2 
g of pancreatin per 100 g of chow. The animals used in the C“ 
experiments were male Sprague-Dawley rats weighing about 200 
g. Rats to be made diabetic were fasted 48 hours and given 6 
mg of alloxan per 100 g of body weight intramuscularly. All 
the rats had 24-hour fasting blood sugars of at least 180 mg/100 
ml 3 weeks after alloxan. These animals were used 3 hours after 
their last meal. 


* Supported in part by research grant number A-1157 and A-213 
from the National Institute of Arthritis and Metabolic Diseases, 
and M-2263 from the National Institute of Mental Health, Na- 
tional Institutes of Health, United States Public Health Service, 
and the Muscular Dystrophy Associations of America, Inc. 

1s.e. = standard error. 
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Adductor fiber groups were prepared (1) and incubated in 
either Krebs phosphate or Krebs bicarbonate buffered medium 
(pH 7.4), 0.6 mm with respect to both Cat+ and Mg++. Rep- 
resentative aliquots of muscle fibers from each experiment were 
dried to constant weight at 95°. The average percentage dry 
weights of the skeletal muscle fibers from control and pancre- 
atectomized rats were the same, 17.9 and 17.8, respectively. 
The total nitrogen in grams per 100 g on the basis of dry weight 
was also the same for the two series; see Tables I and II. 

The method of Barker and Summerson was used for lactate 
analyses (3), the method of Somogyi (4) for glucose, and the 
method of Bessman and Anderson (5) for ketone bodies (ex- 
pressed as acetoacetic acid). Acetoacetic acid was prepared 
from ethyl acetoacetate by the procedures of Krebs and Eggle- 
ston (6). A flask containing acetoacetate plus medium was 
run as a blank with each experiment to correct for the error 
caused by spontaneous decarboxylation. 

CO, activities were determined on the KOH solution from 
the center well of the Warburg flasks as infinitely thick BaCO; 
plates. Conversion of acetoacetate to CO: was calculated as the 
per cent of the added acetoacetate-C™ activity in each flask 
appearing as CO, after 1-hour incubation. — 


RESULTS AND DISCUSSION 


Four mm per liter of acetoacetate (equivalent to 40 mg/100 
ml of blood) represents a moderate degree of ketonemia for rats. 
Harrison and Long (7) reported blood levels of 12 to 36 mg/100 
ml in fasted female rats, and 27 to 268 mg/100 ml in fasted, 
phlorizinized, male rats, whereas Scow et al. (8) found levels of 
250 mg/100 ml in fasted, totally pancreatectomized rats. 

The acetoacetic acid uptake (0.51 + 0.03 mg per gram per 
hour) at 4 mM per liter substrate level by fibers from fasted con- 
trol rats (Table I) was larger than the uptake (0.37 + 0.04 mg 
per gram per hour) previously reported for fibers from fed con- 
trol rats at this substrate level (1). The acetoacetic acid uptake 
also seemed larger in bicarbonate than in phosphate buffered 
medium (Tables I and II). However, these differences in up- 
take may not be real since the series were not run simultaneously. 
The acetoacetate uptake by fibers from control rats incubated 
in bicarbonate buffered medium decreased only 16% between 
the first and second hours (— 0.06 + 0.02 mg per gram, n = 5, 
1 mo per liter of acetoacetate). This per cent decrease in up- 


take was of the same magnitude as that previously reported for 
fibers from either control or diabetic rats incubated in phosphate 
buffered medium (4 mm per liter of acetoacetate) (1). 

In support of the postulate that an insulin-deficient state 
causes a decrease in the peripheral utilization of ketone bodies, 
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Ketone body uptake (mg/g/hr of wet weight) by skeletal muscle fibers from fasted control and depancreatized rats. 


medium, pH 7.4, plus 4 mau/liter 


C. H. Beatty, A. Marcé, R. D. Peterson, R. M. Bocek, and E. S. West 
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LE I 


Krebs phosphate buffered 
of acetoacetate, 2-hour incubation. 





| 
| 


Control* | Pancreatectomized* ?= Cases Sevens 





Acetoacetic acid 


uptake, mg/g/hr 

















We abiitbenieissiix. 685d, aie3950. beded dix ds rare. 0.51 + 0.03° (6)¢ 0.19 + 0.04 (6) <.005 
Plus @usoeels osisiecsic. cade sre. samivendseie ceed wees 3 0.50 + 0.04 (6) 0.22 + 0.04 (6) <.005 
PEGE GORDON SRN 26 oes. 865.8 wie oer ype Core ee ee a4 >.10 >.10 
Plus glucose and insulin’.....................0000eeeeeees 0.65 + 0.04 (6) | 0.44 + 0.04 (9) < .005 
y for insulin addition...................ccececuceseeeeee: <.02 | <.01 

| 
Plus glucose, insulin, and glucagon’. ..................... | 0.70 + 0.03 (6) 0.53 + 0.06 (9) < .005 
gt for Gita MINION 6c. 55s sae a ois ine. costae >.10 >.10 

Total ketone body uptake, mg/g/hr 

Weebiietie. ic. .60)s occu, en Boe | 0.49 + 0.02 (6) | 0.18 + 0.07 (5) <.01 
Dian MOONS 6 385 shcis. 31.25 cathe eel ee ee eee 8 0.50 + 0.05 (6) | 0.22 + 0.05 (5) <.01 
GP LOT BUGOGNS BUONO ooo ois a ds toitein teen coms ae aioe >.10 | >.10 

| 
Plus glucose and insulin’.....................00..0eeeeee. 0.61 + 0.05 (6) | 0.44 + 0.07 (9) >.10 
SPaer ST I 3, ena cracrs Sotiareks cade cca <.02 | <.05 
Plus glucose, insulin, and glucagon’. ..................... 0.68 + 0.08 (4) | 0.46 + 0.07 (9) 
er lor GIGCRRON MUGTAOR: 3.0. ec ce rha eee tease ces nes | >.10 








* Total nitrogen, grams per 100 g, on basis of dry weight 13.44 + 0.17 for controls and 13.54 + 0.14 for pancreatectomized. 


> Standard error. 

¢ Number of experiments. 

4150 mg of glucose per 100 ml. 

¢ p value calculated on basis of paired observations. 

‘0.47 units per ml of crystalline insulin, glucagon-free (Lilly). 
9 20 ug/ml of crystalline insulin-free glucagon (Lilly). 








TaBLeE II 
| | » — Con- 
Substrate N@ Control? N_ |Pancreatectomized? |trol versus 
diabetic 
i | 














Acetoacetic acid uptake (mg/g/hr of wet weight) by skeletal 
muscle fibers from fasted control and pancreatectomized rats. 
Krebs bicarbonate buffered medium, pH 7.4, 2-hour incubation. 





0.03¢ 


2 mm/Liter 5 .67 + 0. 
1 mm/Liter 8 .32 + 0.03 


<.01 














7 | 0.15 + 0.02 





Acetoacetic acid (mg/g/hr of wet weight) that escapes from 
adductor muscle fibers during incubation. 





6 | 0.02 


(0.01 to 0.02)¢ 


None 7 











0.02 
(0.02 to 0.03) 








* Number of experiments. 

> Total nitrogen, g per 100 g, on basis of dry weight 13.81 + 
0.19 (n = 12) for controls and 13.73 + 0.20 (n = 8) for pancreatec- 
tomized. 

¢ Standard error. 

@ Range. 


the data (Table I) demonstrate that fibers from pancreatecto- 
mized rats incubated in Krebs phosphate medium with or with- 
out glucose took up less than half as much acetoacetate as did 
fibers from control rats. Previous work with fibers from alloxan 
diabetic rats at the same substrate level showed a similar de- 
crease in uptake (1). 

As shown in Table II even with substrate levels as low as 1 
mm per liter of acetoacetate, there was a decrease of over 50% 
in uptake by fibers from diabetic rats. Furthermore, it was 
possible to demonstrate low acetoacetate uptakes by fibers from 
diabetic rats in both phosphate and bicarbonate buffered media 
(Tables I and II). Since muscle comprises 40% of the body 
weight and liver only about 5%, the 50 to 60% reduction in 
uptake of acetoacetate by muscle from diabetic rats would have 
an effect on ketonemia comparable to the 4.8-fold increase in 
production of ketone bodies reported by Stadie et al. (9) for liver 
slices from diabetic cats. 

The addition of 150 mg/100 ml of glucose to the medium had 
no effect on acetoacetic acid uptake, but the addition of glucose 
plus insulin? increased uptake in both the control and diabetic 
series (Table I). Even in the presence of an excess of exogenous 


? Lilly crystalline insulin free of glucagon, courtesy of Dr. C. W. 
Pettinga. 
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TaB.e III 
Comparison of C' activity (%) initially in Warburg flask ap- 
pearing as C'4O2 over 1-hour experimental period. Krebs 
phosphate buffered medium, pH 7.4, plus 0.15 mm/liter 
of acetoacetate-3-C* (0.14 mc/liter). 

















No. No. ?- - 

Muscle of Control of | Alloxan diabetic |trol versus 

rats rats tic 

Diaphragm.......| 8 | 18.6 + 1.1* | 10 | 12.34 1.4] <.0l 
Adductor fibers..| 8 | 14.64 1.2 | 10} 8.9+40.9| <.0l 








* Standard error. 


insulin, the acetoacetate uptake by fibers from diabetics was less 
than that of fibers from controls. Previously we found that 
insulin raised the glucose uptake of fibers from depancreatized 
rats so that the final uptakes in the presence of insulin were simi- 
lar for control and diabetic muscle (10). The addition of glu- 
cagon® to glucose- and insulin-treated fibers did not change the 
acetoacetic acid uptake although glucagon has been implicated 
in ketone metabolism (11). 

As previously demonstrated for rat hemidiaphragm (1), the 
acetoacetate uptake of rat fibers increased with increasing sub- 
strate concentration (Table II). The amount of acetoacetate 
or B-hydroxybutyrate that escaped from the fibers in Krebs 
bicarbonate buffered medium without substrate was insignificant 
(Table IT) and was not responsible for the different uptakes of 
the control and diabetic series. In a previous paper (1) the 
uptake of acetoacetate by diaphragm muscle was lower when 
determined as total ketone bodies than when determined as 
acetoacetate. No difference was observed in either the control 
or diabetic series when uptake of fibers, measured as total ketone 
bodies, was compared to uptake measured as acetoacetate 
(Table I). 

To determine whether or not the decrease in acetoacetate 
uptake was accompanied by a decrease in acetoacetate oxidation, 
the conversion of acetoacetate-3-C" to C“O. was investigated 
in control and diabetic rat muscle. The experiments were done 
at a substrate level of 0.15 mm per liter of acetoacetate (1.5 
mg/100 ml) which is approximately the concentration of blood 
ketones of normal nonketotic rats. When fibers and diaphragms 
from diabetic rats are compared with the respective control 
series (Table III), decreases are observed in the conversion of 
acetoacetate-3-C™ to CO, in the diabetic animals. These re- 
sults constitute evidence that less acetoacetate was being metab- 
olized by the tricarboxylic acid cycle in the diabetic preparation. 
However, a larger acetate pool in the diabetic series would dilute 
the C™ label and also cause a decrease in CO, production. 
In preliminary experiments, the conversion of a tracer dose of 
acetate-1-C™ (0.42 me per liter) to CO, by fibers and diaphragm 
from diabetic as compared to control animals was similar (24 + 
1 and 26 + 2% of the initial activity in the flask appearing as 
CO, for the control series of 10 fibers and 10 diaphragms, re- 
spectively, and 27 + 2 and 25 + 1% of the original activity for 
the diabetic series of 6 fibers and 6 diaphragms), indicating that 
probably the acetate pool was not increased in these diabetic 
muscle preparations. This finding is in keeping with the ob- 
servations of Elwood et al. (12) who found that even liver slices 





8 Lilly crystalline glucagon less than 0.05 unit per milligram of 
insulin, courtesy of Dr. William Bromer. 
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of diabetic rats showed no apparent increase in the size of the 
“acetate pool.’ 

This laboratory has demonstrated previously that the energy 
reserve is low in muscle tissue from diabetic rats (13, 14). Since 
energy is required for the activation of acetoacetic acid via the 
8-keto thiokinase or thiophorase enzymes, it would be reasonable 
to expect a decrease in acetoacetic acid activation by diabetic 
muscle. Evidence is available (15) that insulin can stimulate 
the incorporation of C-labeled acetate into muscle protein by 
a mechanism distinct from an effect on transport. However, at 
present there is no direct evidence on the possible site or sites of 


TaBLe IV 
Lactate production* (mg/g/hr) by skeletal muscle fibers from fasted 
control and depancreatized rats. Krebs phosphate buffered 
medium plus 150 mg of glucose per 100 ml, pH 7.4, 
2-hour incubation. 

















Substrate N Controls N Depancreatized 
CI AL ee ee 6 | 0.32 + 0.08f | 7 | 0.42 + 0.04 
Plus 4 mm /liter of aceto- 
acetic acid...........| 6 | 0.57 + 0.14 7 | 0.60 + 0.07 
pt for addition of ace- 
toacetic acid......... | <.05 <.005 














* Lactate production is defined as the lactate in the medium 
after 135 minutes of incubation minus that in the medium after 
15 minutes of incubation. 

¢ Standard error. 

t Statistical analysis on basis of paired observations. 


TABLE V 
Oxygen consumption (ul/mg/hr of wet weight) of adductor muscle 
fibers in Krebs phosphate buffered medium plus 150 mg per 100 
ml of glucose, pH 7.4. 





Control (6)* Depancreatized (6) 





1 hour 2 hours | 1 hour | 2 hours 





No additions 0.73 +/0.61 +/0.54 +/0.52 + 

















0.04f; 0.04] 0.02] 0.03 
Plus acetoacetate—4 mm/liter...| 0.72 +/0.66 +/0.54 +/0.50 + 
0.03 | 0.03 | 0.03 | 0.02 
* Number of rats. 
t Standard error. 
TaBLeE VI 


Glycogen levels (grams per 100 g) of adductor muscle fibers incubated 
for 2 hours in Krebs phosphate buffered medium (pH 7.4). 





Substrate Pancreatec- 





Control (6)* tomized (6) trolowant ' 
4 mm/liter of acetoacetate..... 0.20 + 0.04/0.20 + 0.04) >.10 
150 mg of glucose per 100 ml. .|0.33 + 0.02/0.29 + 0.05) >.10 
pt Acetoacetate versus glucose <.0 <.0 


4 mm/liter of acetoacetate and 
150 mg of glucose per 100 ml. ./0.35 + 0.03/0.28 + 0.05 
pt Glucose versus glucose plus 
acetoacetate................ 


>.10 


>.10 >.10 

















* Number of rats. 
t Statistical analysis on basis of paired observations. 
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action of insulin on acetoacetate metabolism. The data pre- 
sented in this paper do not differentiate between direct and in- 
direct effects of insulin on acetoacetic acid uptake. However, 
the fact that insulin in the absence of substrate (glucose) has no 
effect on the acetoacetic acid uptake (1) points to an indirect 
rather than a direct effect of insulin. 

The increased production of lactate after the addition of 
acetoacetate to the medium (Table IV) is in agreement with 
data reported by Ottaway and Sarkar (16) for perfused rat 
heart and rat diaphragm in vitro. The concentration of aceto- 
acetate used in the experiments reported in this paper repre- 
sents a moderate degree of ketosis for the rat (7, 8) and is con- 
siderably lower than the concentration (0.01 m) used by Ottaway 
and Sarkar (16). It is interesting to note that the effect of 
acetoacetate on lactate production also was present with fibers 
from pancreatectomized rats (Table IV) although acetoacetic 
acid uptake by these fibers was greatly reduced. Further ex- 
periments with the use of acetoacetate-C™ and lactate-C™ are 
planned. The addition of acetoacetate to the medium had no 
effect on oxygen consumption (Table V). 

In agreement with previous work in this laboratory (10) no 
difference was observed in the glycogen levels of the control and 
diabetic series (Table VI) at the end of the incubation period. 
Glucose (150 mg/100 ml) maintained the average glycogen levels 
at higher values than did 4 mm per liter of acetoacetate (40 
mg/100 ml). No additional effect on glycogen values was ob- 
served when glucose and acetoacetate were used together as 
substrates. In view of the observations by Villar-Palasi and 
Larner (17) that UDPG-glycogen transglucosylase is insulin- 
sensitive, no explanation is offered for the fact that although 
the fibers from diabetic rats utilized less glucose (10) and less 
acetoacetate, these diabetic fibers were equally capable of main- 
taining glycogen levels as compared to the control series. 


SUMMARY 


1. Adductor muscle fibers from depancreatized rats took up 
less acetoacetate than fibers from control animals. This was 
true in phosphate and bicarbonate buffered media. Since mus- 
cle comprises about 40% of the body weight and liver only 5%, 
the reduction in uptake of acetoacetate by diabetic muscle seems 
to have an effect on ketonemia comparable to that caused by 
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the increase in production of ketone bodies reported for diabetic 
liver slices. 

2. The addition of glucose had no effect on the uptake of 
acetoacetate, but the addition of glucose and insulin caused an 
increase in uptake by fibers from both control and diabetic rats. 

3. The per cent of original acetoacetate-3-C™ activity in each 
flask appearing in CO, was decreased with fibers and diaphragm 
from alloxan diabetic rats as compared to the control series. 

4. The addition of acetoacetate to the medium caused an 
increase in lactate production by muscle fibers from both control 
and diabetic preparations. 
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Recent studies of the biogenesis of terpenes and sterols (1) 
suggest that the biosynthesis of their branched chain precursors 
from acetate is quite similar in both plants and animal tissues. 
In the case of B-carotene, several laboratories (2, 3) have ob- 
tained evidence that the labeling pattern following incubation 
with C"-acetate is consistent with that observed for squalene 
derived from labeled acetate (4). Braithwaite and Goodwin 
(5, 6) as well as Grob (7) working with Phycomyces blakesleeanus 
and Mucor hiemalis have also reported that 2-C-mevalonate is 
efficiently utilized by these microorganisms for carotenogenesis. 
Furthermore, Goodwin (6) has obtained evidence that B-carotene 
derived from 2-C'*-mevalonate contains no isotope in the side 
chain methyl groups and their adjacent carbon atoms, thus sug- 
gesting that carbon 2 of mevalonate does not randomize, and 
that the condensation takes a course quite similar to that de- 
scribed for squalene (8-10). 

The studies reported in this paper deal with an investigation 
of the biosynthesis of 8-carotene by the unicellular flagellate, 
Euglena gracilis. This organism was chosen because (a) it pro- 
duces the highest concentration of carotenoids observed in plants 
(11), (6) it grows profusely on well defined media and over a 
wide range of pH (12), and (c) it is capable of utilizing a wide 
variety of carbon compounds for growth (13). Accordingly, a 
study was made of the incorporation of labeled branched chain 
compounds as well as acetate and mevalonate into 6-carotene. 
The results lend further support to the suggestion that the poly- 
terpenes of plants and animals are synthesized by very similar 
pathways. 


EXPERIMENTAL PROCEDURE 


Radioactive Substrates—1-C'-acetate, 2-C'4-acetate, and 4,4’- 
C*.8-dimethylacrylic acid were obtained from commercial 
sources. We are indebted to Dr. Charles Miller of Merck, Sharp 
and Dohme for a generous supply of 2-C'-mevalonate. 4,4’- 
C.8-dimethylacrylaldehyde and 3’-C"*-6-hydroxy-8-methyl 
glutaric acid (methyl-labeled) were synthesized by Drs. F. Ku- 
pieki and J. L. Rabinowitz of this department. The latter 
compound was subjected to rigorous purification by means of 
partition chromatography (14) to remove traces of radioactive 
contaminants (9). 4,4’-C"-isovalerate was prepared from 4,4’- 
C-8-dimethylacrylic acid by catalytic hydrogenation with 
platinum oxide catalyst (15), and freed of starting material by 
partition chromatography (16). 4,4’-C"-isoamyl alcohol and 
4,4’-C™ dimethylallyl alcohol (3-methylbut-2-en-1-ol) were pre- 
pared from their corresponding acids by reduction with lithium 


* Aided by grants from the National Science Foundation and 
the United States Public Health Service (Grant H-1532). 

t Present address, Department of Chemistry, University of 
Pennsylvania, Philadelphia, Pennsylvania. 


aluminum hydride (17), and subsequently purified by fractional 
distillation. The labeled dimethylallyl alcohol was stored at 
low temperature until used (18). 

Nonradioactive Compounds—Synthetic all-trans B-carotene 
was generously supplied by Hoffmann-La Roche. Geronic acid 
was prepared by ozonolysis of B-ionone followed by subsequent 
oxidative cleavage of the ozonide with hydrogen peroxide (19), 
Distillation under reduced pressure of the resulting product 
yielded a fraction (b.p. 130—-135° at 1.5 mm Hg) which was 
mainly geronic acid. 2,2-Dimethylglutaric acid (Aldrich Com- 
pany) was recrystallized twice from nitromethane. 2,2-Di- 
methyladipic acid, 2,2-dimethylsuccinic acid, and dimethyl- 
malonic acid were prepared by methods described by Bergstrém 
et al. (20), Smith and Horowitz (21), and Bartlett et al. (22), 
respectively. Geronic acid as well as the other acids mentioned 
above were subjected to rigorous purification by means of parti- 
tion chromatography on buffered silicic acid columns as de- 
scribed by Corcoran (16). Since the conditions necessary for 
the partitioning of these acids have not been described elsewhere, 
they are reported here. For each acid the following are given 
in order: the pH of the buffered silicic acid column, the compo- 
sition of the eluting fluid expressed as per cent of n-butanol in 
chloroform (volume for volume), and the melting point of the 
recovered compound. Geronie acid, pH 9.1, 4.0%, 37-38°; 
2,2-dimethyladipic acid, pH 4.0, 2.0%, 87°; 2,2-dimethylglu- 
taric acid, pH 4.0, 5.0%, 85°; 2,2-dimethylsuccinie acid, pH 
4.0, 7.0%, 143°; and dimethylamalonic acid, pH 4.0, 20%, 176°. 

Culture Methods—Euglena gracilis var. bacillaris (ATCC) was 
maintained by monthly transfer on agar slants containing the 
medium at pH 3.5 described by Hutner et al. (12). Inoculum 
was prepared by inoculating 50 ml of media at either pH 3.5 
or 8.0, followed by incubation with gentle agitation for 4 to 6 
days at room temperature. Then 10 ml of the heavy inoculum 
were added to approximately 3 liters of experimental medium. 
The experimental media were quite similar to those described 
by Hutner eé al. (12) except for minor variations, 7.e. a 50% 
reduction in carbon content and the addition of 0.02% aspara- 
gine to the medium at pH 8.0. All media were sterilized by 
autoclaving at 121° for } hour. The experimental cultures were 
illuminated by two 30-watt “daylight” fluorescent lamps and 
gently stirred by aeration (filtered and humidified air) at room 
temperature. Radioactive substrates were dissolved, the pH 
adjusted to that of the appropriate medium, subsequently steri- 
lized by filtration, and added to the cultures before the logarith- 
mic phase of growth. During the incubations, samples of the 
medium could be drawn off, and evolved carbon dioxide col- 
lected over each 24-hour period. The incubations were gen- 
erally terminated 80 to 96 hours after the addition of radioactive 
substrate. 
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Isolation and Degradation of B-Carotene—B-Carotene was iso- 
lated by the method of Clausen and McCoord (23) as modified 
by Beadle and Zscheile (24), and subsequently chromatographed 
on a column (1 X 15 cm) containing a mixture of ignited mag- 
nesium oxide and Celite (equal parts by weight) with hexane. 
This was performed in the dark at room temperature, and under 


nitrogen where feasible. Elution of the 6-carotene zone was 
carried out with 5% acetone in hexane. The main fraction con- 
sisted of a mixture of all-trans B-carotene and neo-$-carotene v. 
The content of each was estimated as described by Beadle et al. 
(24). Small zones of other pigmented compounds remained at 
the top of the column and failed to migrate under these condi- 
tions. Colorless fluorescent compounds were undetectable. 
Examination of the absorption spectra of the eluted material 
showed that only the spectral characteristics attributed to B- 
carotene obtained from E. gracilis (11, 24, 25) and other plant 
sources (24) were present. As a check on the purity of the 
product obtained, C'*-6-carotene was isolated after the adminis- 
tration of carboxyl-labeled acetate to Euglena and chromato- 
graphed by the above method; determinations of the specific 
activity were then performed on successive fractions eluted 
during chromatography and also on C'*-6-carotene which was 
rechromatographed several times on fresh adsorbent. No sig- 
nificant alteration of specific activity could be obtained by 
either method. 

Before selective degradation of the C'4-6-carotene (1 to 2 mg) 
was begun, an appropriate amount of pure nonradioactive - 
carotene (25 to 50 mg) was added as carrier. The chromic acid 
degradation reaction was carried out in an all-glass apparatus 
equipped with gas inlet and outlet tubes which were attached 
to alkali scrubbers. For each 50 mg of 6-carotene, 25 ml of the 
mixture of chromic acid and potassium dichromate in aqueous 
phosphoric acid (26) were slowly added with stirring at 0°. 
After 4 hour, the cooling bath was removed and stirring was 
continued at room temperature (20°) for another 6 hours. Lib- 
erated carbon dioxide was swept by a slow stream of CO--free 
nitrogen into the alkali scrubbers. The reaction mixture was 
again cooled to 0°, titrated to pH 2.0 with 10 n alkali, and ex- 
tracted five times with an equal volume of alcohol-free ether. 
The ether solution of the resulting degradation products (ge- 
ronic, dimethyladipic, dimethylglutaric, and acetic acids which 
were derived from the positions in 6-carotene as shown in Fig. 
1) was dried over anhydrous sodium sulfate, and transferred to 
chloroform (flash-evaporator) before chromatographic separa- 
tion. 

That this method of degradation of 6-carotene results in only 
minimal oxidation of the fragments derived from the ionone 
rings is evident from the excellent recoveries of geronic, di- 
methyladipic, and dimethylglutaric acids obtained at 20° (Table 
I). It is clear therefore that the evolved carbon dioxide repre- 
sents predominantly carbon atoms 7, 8, 10, 11, 12, 14, and 15 
and 7’, 8’, 10’, 11’, 12’, 14’, and 15’ of the side chain. The 
excellent recovery of carbon dioxide (about 92% of the amount 
calculated for these 14 carbon atoms) generally obtained in this 
oxidative procedure lends further support to this belief. The 
amount of carbon dioxide contributed by the simultaneous oxi- 
dation of geronic acid to dimethyladipic acid is believed to be 
negligible (about 0.01%). 

Isolation of Reaction Products—As previously described, the 
acidic products were separated by partition chromatography 
on silicie acid buffered at pH 4.0 as illustrated in Fig. 2. All 
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Fic. 1. Chemical degradation of B-carotene with chromic acid 
at 20°C. 














TaBLe I 
Effect of temperature on oxidation of B-carotene by chromic acid 
Yield of acidic products* 
Temperature ‘ ‘ : P 
+ |2,2-D) h-|2,2-D h-|2,2-Dimeth-| Dimethyl 
we vladipic Yiglutaric | ylsuccinic | malonic 
aci acid acid acid 
100° 0 Trace 40 25 8 
70° Trace 7 77 ll 3 
40° 29 7 62 0 0 
20° 60 | 6 34 0 0 

















* The values represent the percentage of each acid recovered 
(calculated for the ionone ring content of B-carotene). 


acids so recovered were routinely rechromatographed on fresh 
columns. Geronic acid was further purified by chromatography 
on silicic acid buffered at pH 8.8 and subsequently eluted with 
1.5% butanol in chloroform (volume for volume). Dimethy]l- 
adipic acid was similarly rechromatographed on a column buff- 
ered at pH 6.5, and eluted with 3% butanol in chloroform 
(volume for volume). 

All of the acids were separately identified by paper chroma- 
tography in two separate solvent systems: (a) as the diethyla- 
mine salts in butanol-water (27) and (6) in the chloroform- 
formic acid system described by Stark et al. (28). 

Chemical Degradation of Products—Acetic acid samples were 
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degraded to carbon dioxide by means of the Schmidt method 
as modified by Phares and Long (29). The recovered methyla- 
mine was oxidized with permanganate. 

Dimethylglutaric acid was degraded as indicated in Fig. 3. 
Decarboxylation by the Schmidt method (temperature, 75-80°) 


‘ 4% butanol 5 ,__6% butanol 




















0.6P* 96% chloroform 1 . 94% chloroform 
r 
3 HAC 
: 
DMG 
Z 
= [GERONIC 
° 
0.3 
§ 
DMAd 
SS aT 4. 
100 200 300 400 


EFFLUENT (ml.) 


Fig. 2. Chromatographic separation of acids following chromic 
acid oxidation of 8-carotene. A silicic acid column buffered at pH 
4.0 was employed; each fraction was titrated with 0.04 n ethanolic 
sodium hydroxide employing one drop of 0.03 per cent phenol- 
phthalein as the indicator. A stream of CO:-free nitrogen was 
used during each titration. DMAd, 2,2-dimethyladipic acid; 
DMG, 2,2-dimethylglutaric acid; and HAC, acetic acid. 
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was 60% complete. A major portion of the dimethylglutaric 
acid was oxidized with chromic acid (26) at 110° for 4 hour 
(Fig. 3). The resulting dimethylsuccinic, dimethylmalonic, and 
acetic acids were recovered as described above, and then sepa- 
rated by chromatography on a silicic acid partition column 
buffered at pH 4.0 (16). Fractionation was obtained by sue- 
cessive elutions with 5, 7, 27% butanol in chloroform (see Fig, 
4). The dimethylsuccinic acid was decarboxylated (15% yield) 
by the Schmidt technique. Dimethylmalonic acid was decar- 
boxylated to CO, and isobutyric acid by heating at 180° in con- 
centrated sulfuric acid. The reaction vessel was flushed with 
CO--free nitrogen and the gases led into a trap cooled with Dry 
Ice-acetone (to recover isobutyric acid) and into alkali to collect 
the carbon dioxide. The carbon dioxide was regenerated with 
perchloric acid and converted to barium carbonate for radio- 
assay. The isobutyric acid was oxidized by the Kuhn-Roth 
method (30) and the acetic acid formed combined with acetic 
acid obtained by original chromic acid oxidation of the dimethyl 
glutaric acid (see Fig. 3). The acetic acid was subjected to the 
Schmidt procedure to yield CO: as well as methylamine which 
was subsequently oxidized to CO: (this CO2 being derived from 
the methy] carbon atoms carried by carbon 1 of the ionone ring; 
see Figs. 1 and 3). 

Geronic acid obtained from the initial degradation of B-caro- 
tene was divided into two portions, one of which was used for 
decarboxylation and the other to obtain the radioactivity of 
the methyl carbon atom attached to carbon 5 of the ionone ring 
(Figs. 1 and 5). Decarboxylation of geronic acid was accom- 
plished by use of the Schmidt method (29). However, to ob- 
tain quantitative decarboxylation, it was necessary to use 
slightly more than three equivalents of hydrazoic acid; this is 
due to the presence of the carbonyl group in geronic acid (8). 
The terminal methyl carbon atom of geronic acid was obtained 
separately as iodoform by use of the haloform degradation (32); 











COOH (6) 
(CHs):— (1) 
Hz (2) 
H: (8) 
OOH (4) 
HN;| | CrO; 
m CO: ok aes _ (6) 
(CH,)—C HN; (CHs3)2— (1) 
cu, | OOH (2) 
boou CH;NH: (1) CO: | 
| heat 
HN; KMn0, | 7 | 
(3,6) CO: CO: (CH;)2—CHCOOH (2,6) CO 
(methyls on C-1) 
CrO; 
CH,COOH 


Fia. 3. Chemical degradation of 2,2-dimethylglutaric acid. The figures in parentheses refer to the appropriate carbon atoms of 


8-carotene. 
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dimethyladipic acid, which was also formed in this reaction, 
was purified by partition chromatography before its decarboxyla- 
tion (Fig. 5). The iodoform was resublimed under reduced 
pressure and its melting point was checked before it was oxidized 
to carbon dioxide for radioassay purposes (33). More frequently 
the terminal methyl keto grouping of geronic acid was obtained 
separately as acetic acid by means of a controlled hydrazoic 
acid degradation. The carbonyl group of geronic acid reacts 
preferentially and rapidly with one equivalent of hydrazoic acid 
at 0° to yield two different amides (I and II, Fig. 5). Both 
amides were hydrolyzed by simply diluting the reaction mixture 
with water to 6 N sulfuric acid and heating under reflux for 
several hours. The acidic products were recovered from the 
reaction mixture by continuous extraction with ether and sub- 
sequently purified by chromatography on silicic acid (16). The 
column was buffered at pH 4.0; elutions were performed succes- 
sively with 2 and 3% butanol in chloroform. The acetic and 
dimethyladipic acids were degraded as illustrated in Fig. 5. 

Determination of Radioactivity—All samples were converted 
to carbon dioxide by the Van Slyke and Folch procedure (33) 
and then to barium carbonate for radioassay purposes. The 
barium carbonate was plated by filtration on filter paper disks 
and mounted on aluminum planchets and dried. The samples 
were counted in a gas flow counter until sufficient counts were 
accumulated to reduce the standard counting error to about 3%. 
Corrections were made for self-absorption and the counts per 
minute per mg of carbon were corrected by the appropriate 
factors for the various dilutions with inactive materials. 


RESULTS 


Incorporation of 1-C'-acetate and 2-C"-acetate—The data de- 
rived from Experiments 1 to 4 (Table II) confirm the results of 
other investigators who reported good incorporation of acetate 
into 8-carotene with fungi, bacteria, and carrot slices (3, 34, 35). 
The C-6-carotene isolated in the presently reported experi- 
ments was routinely diluted with a known amount of carrier 


| B-carotene before chemical degradation. Since the results were 


nearly identical for the duplicate experiments, only the data 
obtained in Experiments 2 and 4 are recorded in Table III. It 
will be observed that the carboxyl carbon of acetate is incorpo- 


| rated into carbon atoms 1, 3, 5 and presumably 1’, 3’, and 5’ 


of the ring. The assumption is made here that both halves of 


' the symmetrical molecule are equally labeled. Carbon atoms 


9, 9’, 13, and 13’ are also labeled. The methyl carbon atom of 
acetate is seen to be preferentially incorporated into positions 
2, 2’, 4, 4’, and 6, 6’ of the rings as well as into the methy] car- 
bon atoms carried by carbons 1, 1’, 5, 5’, 9, 9’, and 13, 13’. 
Since it can be estimated that approximately 30% of the 
carbon skeleton of B-carotene was derived from labeled acetate 
(even though other sources of carbon were present in the me- 
dium), it is likely that all of the carbon atoms were derived from 
acetate since appreciable dilution of the acetate carbons must 
undoubtedly have occurred during the incubations. Further- 


| more, the specific radioactivities of a number of carbon atoms 






;oms of 





derived from widely different locations in the B-carotene mole- 
cule appear to be approximately equal (compare the specific 
activities of carbons 1, 3, 5, 9, and 13 in Table III). The pat- 
tern of labeling (Fig. 6) suggests that (a) acetate is utilized 
without prior cleavage and (6) that all of the carbon atoms of 
8-carotene are derivable from acetate. 

It should be noted in addition that the methyl carbon of 
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Fig. 4. Chromatographic separation of acids following chemi- 
cal degradation of 2,2-dimethyl glutaric acid. The eluting sol- 
vents are respectively 5%, 7% and 27% butanol in chloroform. 
DMG, 2,2-dimethylglutaric acid; HAC, acetic acid; DMS, 2,2- 
dimethylsuccinic acid; and DMM, dimethylmalonic acid. 


acetate is more efficiently utilized than is the carboxyl carbon. 
The relative rates of incorporation (umoles of acetate incorpo- 
rated) were calculated to be 1.4:1, a value which is in good 
agreement with the hypothesis that individual isoprenoid units 
are derived from 3 molecules of acetate with an accompanying 
loss of 1 carboxyl (theoretical ratio = 1.5:1). The somewhat 
lower ratio observed experimentally is undoubtedly to be as- 
cribed to the randomization which occurred. Inspection of 
Table III reveals that carbon atoms which should have been 
nonradioactive actually contained significant activity. 

Incorporation of Branched Chain Precursors into B-Carotene— 
4,4’-C'isovalerate was poorly utilized for carotenogenesis by 
Euglena (Table II). As a consequence, it was not possible to 
perform an extensive chemical degradation of the resulting 
B-carotene. Although direct incorporation of 4,4’-C"*-isovaler- 
ate into 8-carotene would be expected to label only the methyl 
groups and carbon atoms 4, 8, and 12 (4’, 8’, and 12’), the re- 
sults (Table III) indicate that carbon atoms 5, 5’, 9, 9’, and 
13, 13’ which are adjacent to the methyl groups contain nearly 
as great activity. It is apparent that isovalerate, in these ex- 
periments, was utilized as a source of carbon after preliminary 
degradation to smaller units. This is further substantiated by 
finding that approximately 4% of the total activity was released 
as CO. in the medium during the incubation. 

Although a number of branched chain compounds were tested 
(Table II), only labeled mevalonate yielded 6-carotene contain- 
ing appreciable radioactivity. 

When it was found that 4,4’-C-dimethylacrylic acid ap- 
peared to be a poor precursor of 8-carotene (Table II, Experi- 
ments 10 and 11), attention was turned to its less oxidized ana- 
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logues, dimethylacrylaldehyde and dimethylallyl alcohol. It 
was hoped that these substances might metabolically be con- 
verted more readily to a 5-carbon polyene precursor. It is of 
some interest therefore that, on the basis of the number of 
umoles of precursor incorporated, 4,4’-C-dimethylacrylalde- 
hyde and 4,4’-C-dimethylallyl alcohol appeared to be some- 
what superior to the acid under comparable conditions. 

The relatively poor incorporation of methyl-labeled B-hy- 
droxy-8-methylglutarate cannot be ascribed to impermeability 
or toxicity. This substance was found to serve as an excellent 
source of carbon in an otherwise carbon-limited medium; it may 
be concluded therefore that this acid may contribute carbon for 
growth but not carotenogenesis. This result is puzzling in 
view of the known cleavage to acetoacetate and acetyl coenzyme 
A (36), although there is no information about the presence or 
absence of this enzyme system in Euglena. 

The incorporation of 2-C'-mevalonate into B-carotene by 
Euglena was found to be not nearly as efficient as has been ob- 
served in other studies of terpene biogenesis (3, 6, 7, 34, 37). 
With the possibility in mind that permeability might be an im- 
portant factor, incubations with labeled mevalonate were per- 
formed at pH values of 3.5 and 8.0. No improvement in radio- 
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active yield could be obtained. No effort was made in these 
experiments to recover nonutilized mevalonate. 

Although the level of incorporation was not great, sufficient 
radioactive $-carotene could be recovered to permit partial 
degradation studies. The incorporation of mevalonate into 
B-carotene by currently proposed mechanisms would result in 
the labeling pattern illustrated in Fig. 7. Braithwaite and 
Goodwin (6) have reported degradation studies of 6-carotene 
synthesized by P. blakesleeanus from 2-C-mevalonate. Upon 
oxidation, acetic acid was recovered from carbon atoms 9, 9’, 
13, 13’, and their adjacent methyl groups. No activity was 
found in the acetic acid, although the CO: arising from the 
action of alkaline KMnO, upon other carbon atoms contained 
significant radioactivity. 

Reference to Table III indicates the results obtained in these 
studies. Carbon atoms 5, 5’, 9, 9’, and 13, 13’, as well as the 
methyl groups attached to these carbons contained very little 
or no radioactivity. Similar results were obtained for carbons 
3, 3’ and 6, 6’. On the other hand, carbons 4, 4’ and the CO, 
derived from carbons 7, 7’, 8, 8’, 10, 10’, 11, 11’, 12, 12’, 14, 14’, 
and 15, 15’ of the side chain contained most of the isotope. In 
fact, the specific activity of carbon 4 is nearly 5-fold greater 
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* Details are described in the text. All incubations were per- 
formed at pH 8.0 except for Experiments 7, 8, 9, and 10 (medium 
at pH 3.5 used). 


than the specific activity of the whole molecule. This result 
implies that only eight carbon atoms of the 6-carotene are sig- 
nificantly labeled when 2-C'-mevalonate is employed as a pre- 
cursor. Furthermore, the specific activity of the CO. derived 
from carbon atoms 7, 8, 10, 11, 12, 14, and 15 agrees reasonably 
well with the calculated value if one assumes that only carbons 
8 and 12 of the side chain are labeled. Similarly the specific 
activity of the dimethylglutaric acid (representing carbon atoms 
1, 2, 3, 4, 6, and methyl atoms attached to carbon 1) is consist- 
ent with the assumption that only two of the seven carbons are 
labeled (C-4 and one methyl on C-1). Taken together, these 
results provide strong support for the hypothesis that mevalonic 
acid or a closely related intermediate is polymerized to form 6- 
carotene (3, 34). 
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Location of isotope in B-carotene preparations derived from labeled 
acetate, isovalerate, and mevalonate 
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Fic. 6. Distribution of radioactivity in B-carotene derived from 
1-C'4-acetate (C) and 2-C'*-acetate (M). 
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Fig. 7. Probable distribution of isotope in 6-carotene derived 
from 2-C'*-mevalonate. 


DISCUSSION 


Although the pattern of labeling in 8-carotene derived from 
radioactive acetate is in conformity with previous reports of 
Grob and Butler (2), Braithwaite and Goodwin (5) as well as 
Lotspeich et al. (38), the more complete chemical degradation 
reported in this paper extends the number of carbon atoms 
which have been isolated. Thus the carboxyl group of acetate 
is preferentially incorporated into positions 1, 1’, 3, 3’, and 5, 
5’ of the ionone ring and into carbons 9, 9’ and 13, 13’ of the 
chain, whereas the methyl carbon of acetate becomes localized 
in positions 2, 2’, 4, 4’, and 6, 6’, as well as in the methyl groups 
attached to carbons 1, 1’, 5, 5’, 9, 9’, and 13, 13’. Furthermore, 
the finding that approximately 1.5 methyl carbon atoms (of 
acetate) are incorporated for every carboxy] carbon (of acetate) 
is in agreement with the findings of Goodwin (3) who studied 
the relative incorporations of the methyl carbon and carboxyl 
carbon of acetate into lycopene. These results are consistent 
with the current hypothesis that the biosynthesis of the isopre- 
noid precursor of 6-carotene is accomplished by a condensation 
of 3 molecules of acetate with an attendant loss of one carboxyl 
group. 

The results obtained with 1-C"*-acetate as well as 2-C"-acetate 
(Table III) indicate that considerable randomization has oc- 
curred. It appears likely that, in Euglena, the reactions of the 
citric acid cycle must be invoked to account for this finding, 
since the medium contained carbon sources other than acetate 
(n-butanol, asparagine in the medium at pH 8.0; glutamic and 
malic acids in the medium at pH 3.5). In this respect the re- 
sults obtained with Euglena resemble those reported by Lot- 
speich et al. (38) and are at variance with the lack of randomi- 
zation reported by Goodwin (3) for P. blakesleeanus grown on a 
glucose-asparagine medium. 

The results obtained with 2-C'-mevalonate together with the 
acetate experiments are consistent with current concepts regard- 
ing the biosynthesis of squalene. The absence of labeling in 
the methyl groups attached to carbon atoms 9 and 13 of 8-caro- 
tene preparations derived from 2-C*-mevalonate is in complete 
harmony with previous studies of labeled squalene obtained 
with 2-C'-mevalonate (8, 10, 39). 

Although the isotope of 2-C'-mevalonate is efficiently incorpo- 
rated into the carotenes of tomato fruit (3, 40), leaves of Hevea 
brasiliensis (41), P. blakesleeanus and carrot slices (3), it is ap- 
parently not rapidly incorporated into B-carotene by seedlings 
of Hevea brasiliensis (41), etiolated maize seedlings (42), P. 
blakesleeanus employed by Chichester et al. (43) and by E. gra- 
cilis in the present investigation. Whether in the latter case 
mevalonate is rapidly converted to metabolites which are not 
effective precursors of “‘isoprenoid units” is unknown. 

It is of interest also that 6-hydroxy-8-methyl glutarate is 
poorly incorporated into 6-carotene even though it has been 
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shown by Chichester et al. (48) and the authors that the sub- 


stance apparently stimulates carotenogenosis. Apparently this 
substance is efficiently absorbed but is not readily converted to 
an active precursor of 6-carotene. Whether it is cleaved to 
acetoacetate which is promptly utilized for reactions not involv- 
ing carotenogenesis remains to be established. 


SUMMARY 


C'-8-carotene has been isolated from Euglena gracilis follow- 
ing incubation with C"*-labeled acetate, mevalonate, 8-hydroxy- 
B-methy] glutarate, 8-dimethylacrylate, isovalerate, and several 
related branched chain derivatives. 

Experimental conditions have been developed for the oxida- 
tion of B-carotene with minimal destruction of the ring moieties; 
thus maximal yields of a mixture of geronic, dimethyladipic 
and dimethylglutaric acids have been obtained for subsequent 
chemical degradation. 

Degradation of biosynthetic radioactive samples of B-carotene 
indicates that the carboxy] group of acetate is preferentially in- 
corporated into carbon atoms 1, 1’, 3, 3’, 5, 5’, 9, 9’, and 13, 13’ 
whereas the methyl carbon of acetate becomes localized in po- 
sitions 2, 2’, 4, 4’, and 6, 6’, as well as in the methyl carbon 
atoms attached to carbons 1, 1’, 5, 5’, 9, 9’, and 13, 13’. The 
results provide strong corroboration for the hypothesis that all 
of the carbon atoms of 6-carotene are derived from acetate. 

The methyl carbon of acetate is more efficiently utilized than 
the carboxyl carbon; the ratio of methyl to carboxyl carbons 
utilized was approximately 1.4:1 suggesting that for every three 
molecules of acetate utilized, a carboxyl carbon is lost. 

The results obtained with 4,4’-C™-isovalerate indicate that 
this substance is metabolized to smaller fragments before its 
incorporation into B-carotene. 


The labeling pattern of B-carotene derived from 2-C'*-mevalo- 


nate suggests that only eight carbon atoms are radioactive. 


Carbon atoms 4 and 4’ are nearly 5 times as radioactive as the J 
entire molecule, and indirect evidence suggests that carbons 8, 
8’, 12, 12’, and one of the methyl carbon atoms attached to f 


carbon 1, 1’ are probably labeled. 


The results indicate that 8 moles of mevalonate are poly- 


merized to form 8-carotene with an attendant loss of 8 carboxyl 
groups. 
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Extracts of Clostridium kluyveri have been shown to catalyze 
the formation of malonyl coenzyme A from propionyl-CoA (1, 2). 
In the course of studying the further metabolism of malonyl-CoA 
it was found that crude extracts catalyzed an exchange reaction 
between malonyl-CoA and HC"“O;- (3). Partial purification of 
the enzyme that catalyzes this exchange reaction revealed that 
the reaction was entirely dependent upon the addition of boiled 
cell extract and partially dependent upon acetyl-CoA and a mer- 
captan. The identification of the factor in boiled cell extract as 
caproic acid and the ability of caproyl-CoA to replace the re- 
quirements for both caproic acid and acetyl-CoA suggested that 
acetyl-CoA functioned in this reaction primarily as an activating 
agent, t.e. to form caproyl-CoA from caproic acid. Studies with 
a highly purified enzyme revealed that other unsubstituted 
straight chain fatty acyl-CoA compounds that were tested were 
also capable of stimulating this exchange reaction. These find- 
ings led to the formulation of the reaction as a condensation-de- 
carboxylation involving malonyl-CoA and the straight chain un- 
substituted CoA esters: 


*COOH—CH:—COSCoA + R—COSCoA = 
*CO. + R—CO—CH:—COSCoA + CoASH 


Attempts to identify a product of this proposed reaction other 
than CO,! have been thwarted by the presence of other con- 
taminating enzymes—among them 6-ketothiolase—which inter- 
fere with the accumulation of reaction products. 

Recent studies on the mechanism of long chain fatty acid bio- 
synthesis have established that malonyl-CoA is an intermediate 
in the conversion of acetyl-CoA to palmitate (4-7). Several 
mechanisms have been suggested for the initial condensation re- 
action of fatty acid synthesis involving malonyl-CoA. Wakil 
has postulated that malonyl-CoA condenses with acetyl-CoA to 
form a-carboxy-acetoacetyl-CoA, which is subsequently reduced 
to the saturated a-carboxy-fatty acyl-CoA, and then decarbox- 
ylated (5). Brady has reported that the condensation occurs 
between malonyl-CoA and acetaldehyde with a concomitant de- 
carboxylation (6). Lynen? has suggested that malonyl-CoA con- 
denses with itself (7). 

In a preliminary report on the malonyl-CoA-—CO, exchange 
reaction we suggested that it represented a condensation-de- 
carboxylation reaction, different from those considered pre- 
viously, that might play a role in fatty acid synthesis (3). Two 


1 The decarboxylation of 1,3-C!*-malonyl-CoA, dependent upon 
the addition of an unsubstituted fatty acyl-CoA derivative, has 
recently been demonstrated with this highly purified enzyme (20). 

? F, Lynen has more recently suggested that malonyl-CoA re- 
acts with enzyme (ESH) to form malonyl-SE + CoASH. Mal- 
onyl-SE then presumably condenses with acetyl-CoA to form 
acetoacetyl-SE + CoASH + CO: (personal communication). 
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subsequent findings have supported this suggestion: (a) a par- 
tially purified exchange enzyme from C. kluyveri does catalyze 
the synthesis of long chain fatty acids from malonyl-CoA, acetyl- 
CoA and TPNH; (6) a 32-fold purified palmitic acid-synthesiz- 
ing enzyme system from rat epididymal adipose tissue also 
catalyzes the exchange reaction.‘ These experiments will be pre- 
sented in future publications. The present paper will demon- 
strate evidence for the occurrence of the malonyl-CoA-C0, 
exchange reaction and the obligatory requirement for fatty acyl- 
CoA compounds in this reaction. It will also describe some of 
the characteristics of this enzyme system. 


EXPERIMENTAL PROCEDURE 


Malonyl-CoA was prepared as described previously (2). Ace- 
tyl-CoA, caproyl-CoA and succinyl-CoA were made by the 
method of Simon and Shemin (8). Methylmalonyl-CoA was gen- 
erously provided by Dr. M. Flavin. Butyryl-CoA and caprylyl- 
CoA were made by the mixed anhydride method of Wieland and 
Rueff (9). Capryl-CoA, lauryl-CoA, myristyl-CoA and _pal- 
mityl-CoA were made according to the method of Seubert 
(10). All the thiolesters up to the chain length of C-8 were 
assayed by the hydroxamate method of Lipmann and Tuttle 
(11). The longer chain length thiolesters were assayed by the 
method of Kornberg and Pricer (12). 

Malonyl-CoA was chromatographed as described previously 
(2). Malonyl monohydroxamate was synthesized and chromato- 
graphed in three solvent systems (2). The alkaline hydrolysis 
product of malonyl-CoA was identified as malonic acid by paper 
chromatography (2). Protein concentrations were determined 
spectrophotometrically (13). Boiled cell extract was prepared 
by boiling 5 g of C. kluyveri in 150 ml of water for 20 minutes, 
then removing the precipitate by centrifugation. 

CoA was obtained from Pabst Laboratories. C'-Bicarbonate 
and C"-acetic anhydride were purchased from Volk Radio-Chem- 
ical Company. 

Enzyme Assay—The exchange reaction was assayed by meas- 
uring the amount of HC“O;- that was fixed during a 1-hour 
incubation. The enzyme (1 to 7 units) was preincubated at 
30° with 10 umoles of 2-mercaptoethanol, 50 umoles of triethanol- 
amine hydrochloride buffer, pH 7.0, and 0.1 umole of caproyl-CoA 
in a total volume of 0.4 ml. The preincubation of enzyme with 
mercaptan activates the enzyme, presumably by reducing 3 
functionally important sulfhydryl group on the enzyme. After 
15 minutes the reaction was started by adding 0.05 ml of a solu- 
tion of malonyl-CoA (3.5 wmoles per ml) and 0.05 ml of a solution 


3 P. R. Vagelos, and A. W. Alberts, unpublished experiments. 
4D. B. Martin, M. G. Horning, and P. R. Vagelos, unpublished 
experiments. 
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Fic. 1. Relationship between HC"*O;- fixed in 1 hour and en- 
zyme concentration. Conditions for assay are given in text. 
Enzyme solution used in this experiment was a dialyzed am- 
monium sulfate fraction containing 20 mg of protein per ml. 








of KHC™O; (250 umoles, 50 we per ml). After a 1-hour incuba- 
tion at 30°, the reactions were stopped by adding 0.05 ml of a 
10% perchloric acid solution. The precipitated protein was 
sedimented by centrifugation, and 0.05 ml of the supernatant 
solutions was plated and counted directly. It will be shown 
below that all the fixed HC™“O;- was in the malonyl-CoA. 

The fixation of HC“O;- under the above conditions was 
roughly linear over the first hour. As shown in Fig. 1 the amount 
of HC“O;- fixed was proportional to the enzyme concentration 
over a limited range. The malonyl-CoA becomes rate-limiting 
at higher enzyme concentrations, presumably since the reaction 
being measured is a decarboxylation.!. The slight lag in the 
curve at the lowest concentrations of enzyme was present both 
in crude and highly purified preparations. For this reason two 
concentrations of enzyme were always tested to assure linearity. 
Crude extract could only be assayed by this procedure after 
thorough dialysis to exclude nonspecific fixation of HC“O;-. 

A unit of enzyme activity is defined as the amount required to 
catalyze the fixation of 1000 c.p.m. (counter efficiency, 43%) 
under the experimental conditions. 

Enzyme Purification—Cell-free extracts of C. kluyveri were 
prepared as reported previously (1). The following operations 
were carried out at 0-4°. To 190 ml of cell-free extract, con- 
taining 5.81 g of protein in 0.01 m triethanolamine hydrochloride 
buffer, pH 7.5, and 0.001 m Versene, pH 7.5, were added 19 ml 
of 1.0 m triethanolamine hydrochloride buffer, pH 7.5. Solid 
ammonium sulfate was added to bring the salt concentration to 
0.65 saturation. The precipitate was removed by centrifuga- 
tion and discarded. Additional ammonium sulfate was added 
to bring the concentration to 0.95 saturation. The precipitate 
was dissolved in approximately 15 ml of 0.05 m triethanolamine 
hydrochloride buffer, pH 7.5, and was dialyzed overnight against 
4 liters of 0.01 m triethanolamine hydrochloride buffer, pH 7.5, 
containing 0.01 m 2-mercaptoethanol and 0.001 m Versene, pH 
7.5. This was followed by a second dialysis against 4 liters of 
0.01 m 2-mercaptoethanol for 2 hours. The protein concentra- 
tion was then adjusted to 18 mg per ml with distilled water, 
making the total volume 25 ml. The pH of this solution was 
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adjusted to 5.9 by careful addition of 0.11 ml of 1.0 m acetic acid 
with constant stirring. Then 7.5 ml of calcium phosphate gel 
(25.1 mg per ml) were added and the mixture was stirred for 15 
minutes with a magnetic stirrer. The suspension was centrifuged 
and the supernatant solution was discarded. The gel precipitate 
was washed once with distilled water, then stirred for 15 minutes 
with 25 ml of 0.1 m triethanolamine hydrochloride, pH 7.8, con- 
taining 0.01 m 2-mercaptoethanol. This suspension was centri- 
fuged and the supernatant solution, containing the enzyme, was 
stored at —20°. There was considerable loss of activity after 
storage for 3to 4 days. Table I presents the results of this puri- 
fication, showing about a 75-fold purification with a recovery of 
35%. 


RESULTS 


Requirements of Malonyl-CoA—C“O, Exchange Reaction—Ex- 
periment I (Table II) indicates that fixation of HCO; by the 
enzyme (ammonium sulfate fraction) was completely dependent 
upon enzyme, malonyl-CoA and boiled extract, and partially 
dependent upon acetyl-CoA and glutathione. The absolute re- 
quirement of malonyl-CoA for HC"“O;- fixation suggested that 
we were dealing with an exchange reaction rather than a net 




















TaBLeE I 
Enzyme purification 
Fraction Activity | Protein Soe Recovery 
units mg units/mg % 
CA I << oe rac oe vee ote 1940 | 5810 0.33 
0.65-0.95 Ammonium sulfate.....| 1070 450 2.38 55 
Calcium phosphate gel eluate....| 685 | 27.5 | 24.6 35 





TaBLe II 
Fixation of HC'4O0;- into malonyl-CoA 

Complete systems contained: Experiment I, 50 umoles of tri- 
ethanolamine hydrochloride buffer pH 7.0, 12.5 umoles of KHC“O,; 
(2.5 wc), 0.1 umole of malonyl-CoA, 0.2 umole of acetyl-CoA, 3.0 
umoles of glutathione, 0.05 ml of boiled extract, and 0.8 mg of 
enzyme (dialyzed ammonium sulfate fraction) in a final volume 
of 0.5 ml; Experiment II, same as Experiment I except 0.1 umole 
of sodium caproate replaced the boiled extract; Experiment III, 
same as Experiment I except 0.1 umole of caproyl-CoA replaced 
both boiled extract and acetyl-CoA. Experiments were incu- 
bated at 30° for 1 hour. 
10% perchloric acid. Aliquots of the supernatant solutions were 
counted directly. 





Reactions were stopped with 0.05 ml of 





Experiment Component omitted C.p.m. 
I None 4500 
None (boiled control) 40 

Malonyl-CoA 50 

Boiled extract 360 

Acetyl-CoA 2940 

Glutathione 3400 

II None 4600 
Sodium caproate 290 

Acetyl-CoA 1200 

III None 4400 
Caproyl-CoA 75 
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carboxylation of acetyl-CoA to form malonyl-CoA. In order to 
establish that the reaction did not represent a simple reversible 
decarboxylation of malonyl-CoA (14) under the conditions of 
our assay, the following experiments were done: (a) 25 uwmoles of 
KHC"O; (2.5 ue), 0.4 umole of acetyl-CoA, 0.35 umole of malo- 
nyl-CoA, boiled extract and enzyme were incubated in the manner 
described in Experiment I of Table II. The malonyl-CoA iso- 
lated after incubation was found to contain radioactivity equiva- 
lent to 0.086 umole of HC“O;-; (6) 25 umoles of KHCOs, 0.4 
pmole of 1-C**-acetyl-CoA (0.4 ue), 0.85 umole of malonyl-CoA 
and the same concentration of boiled extract and enzyme were 
incubated as before. Isolation of malonyl-CoA in this case 
showed that there was no radioactivity in the malonyl-CoA. 
This experiment showed conclusively that the labeling of malo- 
nyl-CoA was not due to the reversal of a breakdown to free acetyl- 
CoA and CO: since CO. was readily incorporated whereas 
acetyl-CoA was not incorporated at all into malonyl-CoA. 

Identification of C-malonyl-CoA—With the use of the purified 
enzyme under these experimental conditions, all: the HC“O;- 
that was fixed by the enzyme could be accounted for in the iso- 
lated malonyl-CoA. In a typical large scale experiment where 
23,800 c.p.m. were fixed during the enzymatic reaction, isolation 
of the C-malonyl-CoA by addition of carrier malonyl-CoA, 
paper chromatography and elution yielded a total of 22,000 c.p.m. 
Subsequent conversion of the thiolester to the hydroxamate de- 
rivative and chromatography in three solvent systems showed 
that all the radioactivity traveled with malonyl-monohydroxa- 
mate. Similarly, hydrolysis of the C*-malonyl-CoA in 0.5 N 
alkali for 30 minutes at room temperature to liberate free C¥4- 
malonate yielded an acid that was inseparable from malonic acid 
chromatographically in three solvent systems. The final proof 
that the labeled compound was actually malonate was obtained 
by adding 100 mg of carrier malonate to the pooled, alkali-hy- 
drolyzed enzymatic products of several experiments. The malo- 
nate was then extracted from acid solution with ethyl acetate 
and recrystallized from acetone-benzene solution until a constant 
specific activity was achieved. As can be seen from Table III, 
the experimental specific activity after the third crystallization 
was almost identical to the theoretical (determined by dividing 
the initial total counts per minute by the total milligrams of 
malonate, including carrier). The melting point of the radio- 
active compound was 131°; the reported melting point of malo- 
nate is 130—-135°. 

Identification of Boiled Cell Extract Factor—Fig. 2 shows the 
effect of increasing concentrations of boiled cell extract on the 
malonyl-CoA-C“O, exchange reaction as measured by the 
amount of HC"“O,;- that was fixed per hour. It is seen that the 
enzyme is essentially devoid of activity in the absence of the 
boiled extract and is saturated at a concentration of 0.12 ml per 
ml of incubation mixture. With the half-saturation concentra- 








Taste III 
Crystallization of C4-malonate 
C.p.m. per mg 
First crystallization specific activity......... 601 
Second crystallization specific activity....... 654 
Third crystallization specific activity........ 705 
Fourth crystallization specific activity....... 701 
Theoretical epecific activity............... 718 
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Fic. 2. The effect of boiled extract and sodium caproate on 
the exchange reaction. Experiments with boiled extract were 
done exactly as in Experiment I (Table II) but with the indicated 
amounts of boiled extract per ml. Experiments with caproate 
were done as in Experiment II (Table II) but with the indicated 
amounts of sodium caproate per ml. The circles indicate experi- 
ments done with authentic sodium caproate. The triangles indi- 
cate experiments done with caproate isolated from the boiled ex- 
tract. 


tion as a reference point, a quantitative enzymatic assay for the 
active factor was established. The factor could be extracted 
quantitatively from water solution at pH 2 by three extractions 
with equal volumes of either ethyl ether or ethyl acetate. It 
was found to be steam volatile at pH 2; 100% of the factor being 
recovered in the distillate. These properties suggested that it 
might be a steam volatile fatty acid (produced in the normal 
fermentation of C. kluyveri (15)). 

For the purpose of isolating and identifying the boiled extract 
factor, 100 ml of the boiled cell extract (pH 8) were concentrated 
to 2.0 ml, adjusted to pH 2 with sulfuric acid, and steam dis- 
tilled (16). The distillate (25 ml) contained 348 umoles of ti- 
tratable acid. After this was neutralized and evaporated to 
dryness over steam, the free fatty acids were extracted with 
cyclohexane and then chromatographed on a silica gel column, 
with wet cyclohexane containing 0.6% (volume per volume) 
butanol as eluting solvent (16). Caproate, butyrate, and ace- 
tate were identified tentatively by R values from the column. 
Of 348 umoles of acid put on the column, 225 umoles chromato- 
graphed as caproate, 40 wmoles as butyrate, and the remainder 
as acetate. The solvent extraction characteristics of the active 
factor ruled out acetate as a major component. Caproate was 
the other predominant acid. The isolated caproate was identi- 
fied positively by Duclaux distillation (16). Authentic caproate 
and caproate isolated from the boiled extract were tested in the 
enzymatic reaction. Both could replace boiled extract equally 
well. Saturation curves with authentic caproate and with the 
isolated caproate substituting for boiled extract are shown in 
Fig. 2. The curves obtained with the two compounds were 
identical. The enzyme was saturated at 0.14 umole of caproate 
per ml. With the concentration at half-saturation as a quanti- 
tation of caproate, an estimate could be made of the caproate 
present in the boiled extract. This calculation indicated 24 
umoles of caproate per 100 ml of extract and corresponded closely 
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TaBLe IV 
Specificity of fatty acid requirement 
Reaction mixtures were the same as in Experiment II (Table I) 
except that sodium caproate was replaced by the sodium salts of 
the indicated fatty acid. The amount of HC“O;- fixed in 1 hour 
is recorded. 











Acid Concentration C.p.m. 
pmole/ml 

240 

Caproate 0.14 4,200 

Valerate 0.14 4,100 

0.05 3,760 

Formate 0.1 264 

Acetate 0.1 242 

Propionate 0.1 640 

Butyrate 0.1 600 

Caprylate 0.1 770 

0.005 462 

Caprate 0.1 330 

0.005 945 








with the 225 umoles that were found. This established that 
caproate was the principal active factor of boiled cell extract. 

Table IV shows the relative abilities of other free fatty acids 
to stimulate the exchange reaction. Valerate was just as efficient 
as caproate, whereas propionate, butyrate, caprylate and caprate 
stimulated to a lesser degree at the concentrations tested. For- 
mate and acetate did not stimulate at all at the concentrations 
tested. 

Ability of Caproyl-CoA to Replace Acetyl-CoA and Caproate— 
Experiment II (Table II) indicates that boiled extract can be 
completely replaced by sodium caproate. When boiled extract 
is thus omitted from the incubation mixtures, the dependence of 
the exchange reaction upon acetyl-CoA is much more obvious. 
To test whether acetyl-CoA could be stimulating the reaction 
by transfer of its CoA to caproate by the transphorase reaction 
(17) to form caproyl-CoA, synthetic caproyl-CoA was substi- 
tuted in the incubation medium for both acetyl-CoA and capro- 
ate. As can be seen in Experiment III (Table II) caproyl-CoA 
could stimulate the reaction to'the same extent as acetyl-CoA 
plus caproate. This experiment shows that acetyl-CoA func- 
tioned primarily to activate the free caproate. It should be 
noted that acetyl-CoA, in the absence of boiled extract (Experi- 
ment I) or in the absence of sodium caproate (Experiment II), 
did stimulate HC“O;- fixation to a slight degree. 


Properties of Purified Exchange Enzyme 


Enzyme Specificity—Table V indicates the fatty acyl-CoA spe- 
cificity of the exchange enzyme. The maximal rate of HC“O,;- 
fixation that could be achieved with caproyl-CoA was taken as 
100%. Itis seen that all the straight chain fatty acyl compounds 
that were tested could stimulate the reaction. Acetyl-CoA (at 
optimal concentration) could only stimulate 20% as well as cap- 
royl-CoA, and butyryl-CoA could stimulate 80% as well. All 
the other compounds listed could stimulate the reaction as well 
as caproyl-CoA. On the other hand, isobutyryl-CoA, isovaleryl- 
CoA, and isocaproyl-CoA did not stimulate the reaction at all. 
The higher reactivity of the longer chain fatty acyl-CoA deriva- 
tives in comparison to some of the corresponding free fatty acids 
was probably due to the relative inactivity of the transphorase 
system with those particular compounds. 
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Thiolester specificity for COs exchange reaction 
Experiments were set up as in the enzyme assay using varying 
concentrations of fatty acyl-CoA. The maximal stimulation 
achieved by each compound was compared to the maximal stimu- 
lation of caproyl-CoA and expressed as per cent of the latter. 

K~»m values were calculated by plotting S/v against S (16). 








Stimulation 
Thiolester at optimal Km 
concentration 
% 

Fan eS. oa re rs oe 20 1.0 X 10-* 
Butyryl-CoA.............. 80 4.1 X 10 
VaiEGIGR. 05 se c0derey 100 3.0 X 10-5 
Capreyl-DoA...... 2.055504. 100 3.0 X 10-5 
COPLPIFIFCGN.. «2.26005. 5.5 100 2.3 X 10-5 
os oar ie 100 1.7 X 10-5 
ri LS, ne A 100 5.2 X 10-* 
MAYSISbYTACGA 50 ieee. 53 100 1.2 X 10°* 
Palmityl-CoA.,........% sss 100 1.7 X 10-5 











The specificity of the enzyme for malonyl-CoA was also tested. 
Both succinyl-CoA and methylmalonyl-CoA were tested at sev- 
eral concentrations for ability to replace malonyl-CoA in the 
exchange reaction. With the use of methylmalonyl-CoA at op- 
timal concentrations, HC“O;- was fixed at 1 to 3% of the rate 
obtained with malonyl-CoA. However, ,methylmalonyl-CoA 
was not reisolated to prove that the fixed radioactivity was in 
that compound. Succinyl-CoA was totally inactive. There- 
fore, the enzyme showed a marked specificity for malonyl-CoA. 

Effect of Substrate Concentration—Fig. 3 illustrates that the rate 
of the exchange reaction increased with increasing concentrations 
of caproyl-CoA up to 10~‘ m, then decreased with further increase 
in concentration. Experiments with capryl-CoA are also plotted 
for comparison. All the thiolesters tested similarly inhibited the 
reaction at higher concentrations. Inhibition of enzymatic 
reactions by higher concentrations of long chain fatty acyl-CoA 
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Fic. 3. Effect of caproyl-CoA and capryl-CoA on the exchange 
reaction. Reaction mixtures contained 50 wmoles of triethanol- 
amine hydrochloride buffer pH 7.0, 12.5 wmoles of KHC"*O, (2.5 
uc), 0.17 ymole of malonyl-CoA, 10 umoles of 2-mercaptoethanol, 
0.1 mg of enzyme and the indicated amounts of caproyl-CoA or 
capryl-CoA per ml in a final volume of 0.5 ml. See conditions of 
enzyme assay. 
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Fic. 4. Effect of pH on exchange reaction. Experiments were 
done as in the enzyme assay except that triethanolamine hydro- 
chloride buffer was used at pH values of 7.3 and above and imid- 
azole hydrochloride buffer was used at pH values of 7.3 and be- 
low. 


compounds is a common phenomenon. Table V lists the K, 
values for all the acyl-CoA compounds that stimulated the reac- 
tion. It is seen that, from butyryl-CoA through myristyl-CoA, 
the K,, values were lower for the longer chain length fatty acyl- 
CoA compounds. The K,, value for malonyl-CoA was 6.5 xX 
10-* m and that for KHC"“O; was approximately 4.0 x 10-3 m. 

Effect of pH—The enzyme had a rather sharp pH optimum at 
about pH 6.7 (Fig. 4). 

Inhibitors of Exchange Reaction—The exchange reaction was 
inhibited by low levels of —SH binding agents (Table VI). The 
enzyme used in these experiments was prepared in the absence 
of 2-mercaptoethanol in the final purification steps. It can be 
seen that the enzyme was completely inhibited at 10-* m p- 
chloromercuribenzoate, 51% inhibited at 2 x 10-* m arsenite, 
100% inhibited by 10-* m iodoacetamide, and 25% inhibited by 
10-4 m iodoacetate. The inhibition by p-chloromercuribenzoate 
was completely reversed by the addition of excess 2-mercapto- 
ethanol. Some of the purified preparations were totally inac- 
tive in the absence of an added mercaptan. Glutathione and 
2-mercaptoethanol activated the enzyme equally well. 

Because of the involvement of CO, in this reaction the pos- 
sible involvement of biotin was considered. It was found that 
avidin, at levels as high as 7.5 units per ml, did not inhibit the 
enzyme. 


DISCUSSION 


The discovery that malonyl-CoA is an intermediate compound 
in the conversion of acetyl-CoA to palmitate (4, 6) has led to 
numerous conjectures as to the mechanism of the condensation 
reaction of fatty acid synthesis. It is clear from the published 
reports of Wakil and Ganguly (5) and experiments in this lab- 
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oratory with both C. kluyvert enzymes* and mammalian tissue 
enzymes‘ that long chain fatty acid synthesis requires a fatty 
acyl-CoA ester in addition to malonyl-CoA and TPNH. Fur- 
thermore, various chain length unsubstituted fatty acyl-CoA 
compounds that can act as primers in this synthesis are in- 


corporated into the long chain fatty acids. To account for these 
data Wakil has proposed a condensation reaction between 
malonyl-CoA and acetyl-CoA to form a-carboxy-acetoacetyl- 
CoA which is subsequently reduced to a-carboxy-butyryl-CoA 
and then decarboxylated. Butyryl-CoA then condenses with 
another malonyl-CoA and undergoes the same series of reactions 
to form caproyl-CoA, ete. Thus far, however, there has been no 
good evidence for the existence of an a-carboxy-6-ketoacyl-CoA 
intermediate in fatty acid synthesis. 

The unfavorable equilibrium of the condensation reaction 
catalyzed by the enzyme, §-ketothiolase (19), has made the 
physiological role of this enzyme in fatty acid synthesis ques- 
tionable. The equilibrium of the malonyl-CoA condensation 
reaction proposed by Wakil would be similar to that of the 
B-ketothiolase reaction and therefore would be similarly un- 
favorable in a synthetic scheme. It was in part because of these 
considerations that a condensation-decarboxylation (a con- 
certed reaction) between malonyl-CoA and the fatty acyl-CoA 
compounds was postulated in fatty acid synthesis (3). 

The malonyl-CoA-C“O, exchange reaction, as described in 
the text, probably represents such a condensation-decarboxyla- 
tion. The equilibrium of this reaction would be greatly favored 
by the simultaneous decarboxylation that occurs. Indeed, net 
decarboxylation of malonyl-CoA dependent upon the addition 
of the unsubstituted fatty acyl-CoA derivatives can be demon- 
strated readily with this enzyme (20). The broad range of 
fatty acyl-CoA compounds that react with this enzyme and the 
relatively low K,, values for these substrates favor the idea of 
repeated condensations of malonyl-CoA with successively longer 


TaBLe VI 
Inhibition of C'%O2 exchange reaction 
Experiments were set up as in the enzyme assay except that the 
enzyme used (75-fold purified) was prepared without 2-mercapto- 
ethanol in the final step of purification and that 2-mercaptoeth- 
anol was omitted from the incubation mixture. The inhibitors 
were added before the preincubation. 











Inhibitor Concentration Inhibition 
M % 

p-Chloromercuribenzoate 1X 10 100 
1X lo* 60 

3 X 10-° 25 

Arsenite 2X 10°? 51 
1 X 10° 41 

1 X 10-* 13 

Iodoacetamide 1 X 10°? 100 
1 xX 10 100 

1X 10-5 0 

Iodoacetate 1X 10-4 25 
Avidin, 1.2 units/ml 0 
7.5 units/ml 0 
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chain saturated fatty acyl-CoA esters, each condensed prod- 
uct being reduced to the corresponding saturated fatty acyl- 
CoA, until the final product is formed. 

The existence of a pathway of propionate oxidation in C. 
kluyveri that leads to the formation of malonyl-CoA (1, 2) and 
the intermediary role of malonyl-CoA in long chain fatty acid 
synthesis (4-7) suggest that propionate might be converted to 
long chain fatty acids by this organism. However, when this 
organism was grown on C'*-propionate and ethanol, the labeled 
products of the fermentation were primarily the short chain 
fatty acids, n-valerate and n-heptanoate (21). During normal 
anaerobic growth, therefore, propionate is metabolized just as 
butyrate by this organism (21). It is neither oxidized to mal- 
onyl-CoA nor is it converted to long chain fatty acids. The role 
of propionate oxidation and the mechanism of long chain fatty 
acid synthesis in this organism are under further investigation. 


SUMMARY 


Extracts of Clostridium kluyveri catalyze an exchange reaction 
between malonyl coenzyme A and HC“O;- that is completely 
dependent upon the addition of boiled cell extract and partially 
dependent upon acetyl coenzyme A and a mercaptan. The 
active factor of boiled cell extract was isolated by steam distilla- 
tion and silica gel column chromatography and identified as 
caproic acid by Duclaux distillation. Caproyl coenzyme A, pre- 
sumably formed by the transphorase reaction between caproic 
acid and acetyl coenzyme A, could replace the requirements for 
both boiled cell extract and acetyl coenzyme A. 

The enzyme that catalyzes the reaction between malony! co- 
enzyme A, caproyl coenzyme A and HC*O;-, resulting in the 
fixation of HC“O;- in the malonyl coenzyme A, has been puri- 
fied about 75-fold. The product of this reaction, however, has 
not yet been identified because of interfering contaminating en- 
zymes. All the straight chain fatty acyl coenzyme A deriva- 
tives that have been tested can substitute for caproyl coenzyme 
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A, although acetyl coenzyme A and butyryl coenzyme A are not 
as reactive as the longer chain compounds. The enzyme is 
relatively specific for malonyl coenzyme A. The pH optimum 
of the enzyme is 6.7. The enzyme is inhibited by —SH binding 
agents, and this inhibition can be reversed by addition of excess 
mercaptan. 
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In a previous paper (3) it was demonstrated that the oxida- 
tion of the 178-hydroxyl of testosterone by guinea pig liver and 
kidney homogenates was enhanced by the addition of triphos- 
phopyridine nucleotide as well as by diphosphopyridine nucleo- 
tide (4) and that the reverse reaction occurred in the pres- 
ence of the reduced coenzymes. It seemed important to de- 
termine whether the two cofactors were utilized interchangeably 
by one enzyme or whether two separate enzymes were involved. 
This paper reports the separation of a DPN- from a TPN-spe- 
cific 178-hydroxy(testosterone)dehydrogenase and presents some 
properties of these two enzymes. 


EXPERIMENTAL PROCEDURE 


Preparation of Testosterone! Solution*—The testosterone was 
purified as previously described (4). The steroid was added to 
redistilled water at 40 mg/100 ml and mixed in a VirTis-45 ho- 
mogenizer at 30 speed. After the steroid and water were mixed, 
the contents of the flask were filtered and the amount in solution 
and the undissolved portion were assayed. 

The solubility of the steroid reached a maximum after about 
30 minutes of mixing. The numerous preparations of testos- 
terone gave values of 32 ug per ml reproducible within 5%. 

Steroid Determinations—The Holtorff-Koch modification (5) 
of the Zimmermann reaction was used for 17-ketosteroids, 
absorption at 241 my in ethyl alcohol and 249 my in water for 
compounds with the a, 8 unsaturated 3-ketone group, and the 
chromic acid oxidation-Zimmermann reaction (6) for 17-hy- 
droxysteroids. 

Coenzymes—The DPN and TPN (Pabst Laboratories) were 
utilized as purchased. 

Tissue Preparation—The liver was obtained from young adult 
male guinea pigs (800 to 1000 g) which had been maintained in 
our laboratories for at least a month on a diet of Jim Dandy rab- 


* This investigation was aided by grant CY-3566 from the 
National Cancer Institute, United States Public Health Service. 

t Parts of these data have been reported before the American 
Society of Biological Chemists (1) and in a symposium (2). 

t Donald Hamm participated in the initial studies at the Okla- 
homa Medical Research Foundation. 

1 The steroids were generously provided by Syntex. 

2 These solutions are now prepared by adding the determined 
amount of finely powdered steroid to boiling redistilled water 
with continuation of boiling for 5 minutes or until the steroid is 
visibly in solution. Even the presence of traces of alcohol must 
be rigorously avoided because of the presence of alcohol dehydro- 
genase especially in liver homogenate and the 24,500 X g fraction. 


bit pellets with supplements of lettuce and 100 mg of ascorbic 
acid once per week. The animals were stunned by a blow on the 
head and bled from the blood vessels of the neck. The liver 
was removed and homogenized at 0° with a VirTis- 45 homoge- 
nizer at speed 30 for 30 seconds at a concentration of 10 gm/100 
ml in 0.25 m sucrose. A refrigerated International centrifuge 
with high speed attachment and a Spinco model L centrifuge 
were used to separate the particulate components at 0-4°. Ni- 
trogen determinations on the respective fractions were made by 
the micro-Kjeldahl technique. 

Enzyme Determinations—The activity of the enzymes was 
determined in a Cary model 14 spectrophotometer® at 37° by 
measuring the amount of reduced coenzyme formed. The blank 
cuvette contained water instead of testosterone. The reaction 
was initiated by the addition of the enzyme preparation. The 
final volume of the reactants was 3.0 ml. The unit of activity 
was taken as a change in optical density of 0.001 min at 340 
muy. 


RESULTS 


Separation of 178-Hydroxy Dehydrogenases by Centrifugation— 
The sediment after centrifugation of the liver homogenate at 
1,500 xX g for 30 minutes contained only a small amount of the 
nitrogen (protein) and the activities of the enzymes (Table I). 
The major portion of the activity of the DPN enzyme was in 
the sediment after centrifugation at 24,500 x g for 1 hour. 
Fifty per cent of the activity, however, could be removed after 
centrifugation at 5,000 x g for 30 minutes and 70% after 10,000 
xX g for 30 minutes. The activity of the TPN enzyme remained 
in the supernatant after 24,500 x g for 1 hour. Further cen- 
trifugation at 105,000 x g for 1 hour removed the remainder of 
the activity of the DPN enzyme but none of that of the TPN 
enzyme. Continuation of the centrifugation for as long as 3 
hours at 105,000 x g did not remove any of the TPN enzyme 
activity. 

It is noteworthy that the activity of the DPN enzyme was 
greater than that of the TPN enzyme (Table I, footnote 3).4 

The metabolism of testosterone by the homogenate and the 
two fractions (sediment and supernatant at 24,500 x g) also 


3 The Cary spectrophotometer was provided by a grant from 
the American Cancer Society. 

4 The relative concentrations of the two enzymes in the liver 
have been confirmed by numerous other studies. Furthermore, 
the ratio of the activities in the kidney is reversed to 1:4 (unpub- 
lished). 
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TaBLE I 
Separation of DPN-specific from TPN-specific testosterone 
dehydrogenase by centrifugation of guinea pig 
liver homogenates*t 

















Activity 
Fraction Nitrogen 
DPN TPN 
enzyme | enzyme 
mg/ml 
Homogenates: :. 250044... 45.. 220GROT RS 2.96 | 100.0f/ 100.0t 
Sediment 1,500 X g, 30 min............. 0.65 13.4 7.4 
Supernatant 1,500 X g, 30 min.......... 2.41 83.5 | 101.0 
Sediment 24,500 X g, lhr.............. 0.79 79.1 4.0 
Supernatant 24,500 X g, Lhr........... 1.64 17.2 | 92.6 
Sediment 105,000 X g, Lhr............. 0.37 10.0 0.0 
Supernatant 105,000 X g, lhr.......... 1.72 2.9| 96.5 





* The reactants were added to the cuvettes as follows: DPN 
1.43 mm or TPN 0.42 mm; 0.06 m sodium pyrophosphate buffer to 
maintain pH at 9.50; and testosterone 67 um. The final volume 
was3ml. Incubation was at 37°. The reaction was initiated by 
the addition of the enzyme preparation. The blank cuvette con- 
tained water instead of testosterone. The rate was measured by 
the change in absorbancy at 340 mu. 

+ The homogenate was prepared at a concentration of 10 g/100 
ml. All fractions were diluted to their original volumes. 

t All values have been calculated in relation to the homogenate 
at 100. The homogenate contained: 1340 units per ml of DPN 
enzyme and 352 units per ml of TPN enzyme. 


was studied at 5-minute intervals for 30 minutes by the extrac- 
tion of the steriods from the incubation mixture and analysis by 
paper chromatography (7). The homogenate and 24,500 x g 
sediment fortified with DPN completely metabolized testos- 
terone to 4-androstene-3 , 17-dione in 30 minutes, but the 105,000 
X g supernatant with DPN converted only a trace amount of 
testosterone to androstenedione. When TPN was used as the 
cofactor, the homogenate and the soluble fraction at 105,000 « g 
completely converted the testosterone to androstenedione in 30 
minutes. The 24,500 x g sediment with TPN, on the other 
hand, produced only a small amount of androstenedione. The 
appearance of the androstenedione was ‘accompanied by a com- 
parable decrease in testosterone as indicated both by ultraviolet 
absorption and the m-dinitrobenzene reaction“(7). 

Enzyme Concentration—The activities of the two dehydro- 
genases were proportional to the amount of homogenate or spe- 
cific fraction used (Fig. 1). 

pH—The DPN 17§-hydroxy dehydrogenase in the homog- 
enate exhibited the same pH dependency as the 24,500 x g 
sediment (Fig. 2). Little enzyme activity was observed below 
pH 8.0 and a maximum was reached at approximately pH 9.6. 
Further increase in pH resulted in the formation of a precipitate 
with loss in enzyme activity. 

The TPN enzyme in the homogenate and the supernatant at 
105,009 x g responded in a similar manner (Fig. 2) to that ob- 
served with the DPN enzyme. The attainment of the maximum, 
was not as sharp and was maintained to approximately pH 10 
after which inactivation occurred. 

Concentration of Coenzymes—The activity of the DPN 17(- 
hydroxy dehydrogenase attained a maximum at approximately 
0.6 mm DPN (Fig. 3) whereas that of the TPN-specific enzyme 
was attained at approximately 0.4 mm TPN. No further in- 
creases in the activities of the enzymes were noted by additional 
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Fic. 1. The effect of enzyme concentration on reaction velocity. 
The reactants were added to the cuvettes as follows: DPN 1.43 
mM or TPN 0.42 mm; 0.06 m sodium pyrophosphate buffer to main- 
tain pH at 9.50; and testosterone 67 um. The homogenate was 
made at a concentration of 5 g/100 ml and the other fractions 
were diluted to the original volume." O——O, Homogenate, 
DPN; @——®, homogenate, TPN; @——®@, sediment 24,500 
g, DPN; and X——*X, supernatant 24,500 X g, TPN. 
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Fic. 2. The effect of hydrogen ion concentration on the ac- 
tivity of the DPN- and TPN-linked testosterone dehydrogenases. 
The reactants were added to the cuvettes as follows: DPN 0.71 
ma or TPN 0.42 mm; 0.06 m sodium pyrophosphate buffer, pH 8.0 
to 11.5; and testosterone, 67 uma. O——O, Homogenate, DPN; 
@—®@, homogenate, TPN; ©—— @, sediment 24,500 X g, DPN; 
and X——, supernatant 24,500 X g, TPN. 
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Fia. 3. The effect of coenzyme concentration on the rate of 
oxidation of testosterone. The reactants were added to the 
cuvettes as follows: DPN or TPN as indicated; 0.06 m sodium 
pyrophosphate buffer to maintain pH at 9.50; and testosterone 67 
uM. O——O, Homogenate, DPN; @——@, homogenate, TPN; 
@—®@, sediment 24,500 X g, DPN; and X——xX, supernatant 
24,500 X g, TPN. 
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Fic. 4. Effect of substrate (testosterone) concentration on the 
activity of the DPN and TPN enzymes. The reactants were 
added to the cuvettes as follows: DPN 1.43 mm or TPN 0.42 mm; 
0.06 m sodium pyrophosphate buffer to maintain pH at 9.50; and 
testosterone as indicated. Testosterone was added in aqueous 
solution for the DPN studies and in 0.05 ml of ethyl alcohol for 
the TPN studies. Appropriate amounts of water or alcohol were 
substituted for the testosterone solutions in the blank cuvettes. 
O——O, Homogenate, DPN; @——@, homogenate, TPN; 
@—@, sediment 24,500 X g, DPN; and X——-x, supernatant 
24,500 X g, TPN. 











increases in cofactor concentrations. It is noteworthy that the 
homogenate and the respective dehydrogenase-containing frac- 
tions gave identical results. 

Nicotinamide—The addition of nicotinamide from 0.7 to 6.0 
mM had small and insignificant effects on the activity of the 
enzymes. The nicotinamide showed a slight (15%) protective 
effect on the activity of the DPN enzyme in the homogenate 
but not in the sediment. On the other hand, the nicotinamide 
exhibited a small (10%) inhibiting effect on the activity of the 
TPN enzyme both in the homogenate and the supernatant frac- 
tion. 

Testosterone Concentration—The DPN 176-hydroxy dehy- 
drogenase, as the homogenate or sediment at 24,500 x g, 
reached its maximal activity at approximately 20 uM testos- 
terone (Fig. 4). Increases in testosterone concentration to 3-fold 
this amount gave no further enhancement of enzyme activity. 
On the other hand, the TPN 178-hydroxy dehydrogenase, as 
the homogenate or the supernatant at 24,500 x g, had not at- 
tained its maximal activity even at 350 uM testosterone (Fig. 4). 
Higher concentrations of testosterone could not be studied be- 
cause of the limited solubility of the androgen in aqueous medium. 

The Michaelis-Menten constant as determined by Lineweaver- 
Burk plots for the TPN system was 5.96 x 10-5 m when homo- 
genate and 24,500 x g supernatant, respectively, were used as 
the enzyme source. The K,, for the DPN system was slightly 
less, 8.35 X 10-° mM, which suggests a slight preference of the DPN 
enzyme for testosterone. It should be noted, however, that no 
limiting velocity was attained in the TPN system. Thus other 
factors might be involved in the higher K,,, for this system. 

Buffer—The activities of both enzymes, as homogenate and 
respective fractions, were constant over a range of 30 to 70 mm 
pyrophosphate. 

The TPN enzyme was also studied in 70 mm borate and bi- 
carbonate-carbonate buffers. The activity of the enzyme in the 
bicarbonate-carbonate buffer was exactly the same as in the py- 
rophosphate buffer but that in the borate buffer was 25% less. 

Homogenization Medium and Apparatus—Preparation of the 
homogenate in 0.25 m sucrose or water with the VirTis or an 
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all-glass apparatus yielded essentially the same activities for 
both enzymes. 

Stability of Dehydrogenases—Storage of the various prepara- 
tions at 4-6° resulted in no loss in the DPN enzyme activity but 
the TPN enzyme showed a small decrease in activity after 3 


days. Further studies indicated that this loss was progressive 
at a rate of approximately 5% per day. Lyophilized samples 
maintained their activity for at least 2 months. 

Summation of Activities of Two Dehydrogenases—The activity 
of liver homogenate in the presence of both coenzymes was 
slightly less than the sum of the activities of the two dehydro. 
genases determined separately (Table II). 

Inhibitors—The two enzymes responded in a similar manner 
to azide, amytal, and cyanide at concentrations of 10-*, 10-%, and 
10-* m. Sodium azide had no influence; sodium amytal showed 
a small inhibitory effect (25%) at the highest concentration; 
and sodium cyanide produced a progressive and marked inhibi- 
tion (Fig. 5). 

The DPN enzyme was more sensitive to p-chloromercur- 
benzoate than the TPN enzyme (Fig. 5). The DPN enzyme was 


TABLE II 


Summation of DPN and TPN enzyme activities 
of guinea pig liver homogenate* 








Coenzyme Activityt 

Units/mi 
MRC Soe soa te 1335 
ees sas PO. Ws sa LWA Gz 572 
ee, ee re 1907 
og so. ee ere 1652 








* The reactants were added to the cuvettes as follows: DPN 
0.71 mm or TPN 0.21 ms, or both; 0.16 m sodium pyrophosphate 
buffer to maintain pH at 9.50; and testosterone 67 um. 

t The activity is expressed as units per ml of homogenate, 10 
g/100 ml. 
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Fic. 5. The effect of inhibitors on the activities of the DPN 
and TPN enzymes. The reactants were added to the cuvettes a8 
follows: DPN 1.43 mm or TPN 0.42 mm; 0.06 m sodium pyrophos- 
phate buffer to maintain pH at 9.50; testosterone 67 uM; and iD- 
hibitors as indicated. O——O, Homogenate, DPN; @——®, 
homogenate, TPN; @——@, sediment 24,500 X g, DPN; and 
x——X, supernatant 24,500 x g, TPN. 
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completely inhibited at the lowest concentration (10-* m) of the 
inhibitor whereas the TPN enzyme was not inhibited until the 
next concentration (10-* m) and was not completely inhibited 
until the highest concentration (10-? m). 

The inhibition of the TPN enzyme as the homogenate or the 
105,000 X g supernatant was readily reversed by the addition of 
either cysteine or glutathione. A decrease of activity to 5% 
by p-chloromercuribenzoate was reversed to 65% by either 10-* 
yu glutathione or 10-* m cysteine. The partially or completely 
inhibited DPN enzyme activity, however, was not reversed by 
either cysteine or glutathione at 10- to 1000-fold the molar con- 
centration of the p-chloromercuribenzoate. Furthermore, gluta- 
thione at 6 X 10-* m lowered the original activity to 82 % 
whereas cysteine at the same concentration was without effect. 

The effect of several metal ions on the activities of the enzymes 
was studied at 10-*, 10-%, and 10-* m concentration. The ac- 
tivities of both of the enzymes was progressively decreased by 
%nCle and FeCl; to 90 and 54%, respectively, of the original 
activity. Pb(NOs)2 had no effect on the activity of the DPN 
enzyme but produced a progressive small decrease in the activity 
of the TPN enzyme to 70%. CuCl, produced a progressive 
decrease in the activity of the TPN enzyme to 60%. The DPN 
enzyme was completely inhibited at 10-* m. 

Both enzymes were completely inhibited by even the lowest 
concentration (10-4 m) of Ag+ and Hg*+. Indeed the cuvettes 
had to be specially cleaned after the use of these heavy metals. 

The use of ethylenediaminetetraacetic acid in the preparation 
of the homogenate or in the reaction mixture had no effect on 
the activity of the enzymes either as the homogenate or as their 
separated fractions. 

Assay Procedure—As a result of the above studies on the 
properties of the two enzymes, a procedure to assay their activi- 
ties has been devised. The reaction mixture in a 10 X 10 mm 
cuvette consists of 1 ml of 0.18 m sodium pyrophosphate buffer 
at pH 9.6, 1.8 ml of testosterone-water solution (32 ug per ml), 
and 0.2 ml of DPN (15 mg per ml) or TPN (5 mg per ml). The 
reaction is initiated by the addition of 0.1 (0.05 to 0.20) ml of 
enzyme preparation. The blank cell contains water instead of 
testosterone. The rate of reaction is determined at 37° in a 
spectrophotometer by utilizing the absorption at 340 my for the 
reduced coenzyme formed. A linear response is obtained. 


DISCUSSION 


The ability of liver to utilize either DPN or TPN as hydrogen 
acceptor in the oxidation of the 176-hydroxy group of testos- 
terone (3) is due to the presence of two specific enzymes. The 
two enzymes are readily separated by centrifugation. These 
observations have been recently confirmed (8). The more ready 
sedimentation of the DPN enzyme is probably due to the at- 
tachment of this enzyme to particulate material. These two 
enzymes in guinea pig kidney are not separable by centrifugation 
(unpublished). It is of interest that 50% of the activity of the 
DPN enzyme of the liver is removed at 5,000 X g and a small 
amount is still present in the soluble fraction after 105,000 x g. 

The properties of the enzymes are very similar in many re- 
spects yet show marked quantitative differences. The DPN 
enzyme retains its activity for a longer storage period. On the 
other hand the TPN enzyme possesses more stability towards 
pH and has a broader pH maximum than the DPN enzyme but 
the optimal pH is approximately the same for both enzymes. 
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The TPN enzyme requires a much smaller amount of its cofactor 
for maximal activity although it requires a much greater amount 
of substrate (testosterone). The DPN enzyme is more sensitive 
to Fe*+*+ Cut** and, p-chloromercuribenzoate but both enzymes 
are extremely sensitive to Ag+ and Hg**. 

The summation of the activities of the two enzymes in the 
liver homogenate indicates a lack of interdependence between 
the enzymes. The similarity in properties of the enzymes as 
homogenate or separated enzymes also shows lack of interde- 
pendence and also the absence of factors which might affect their 
respective activities. Furthermore, the kinetic properties of the 
partially purified DPN enzyme are similar to those of the enzyme 
as the homogenate not only by the spectrophotometric method 
of assay but also by the procedure of isolation and chemical as- 
say of the metabolite (4). 

The properties of the two 178-hydroxy dehydrogenases from 
guinea pig liver are very similar to the estradiol-178 dehydro- 
genases from human placenta (9). The placenta enzymes, how- 
ever, are both present in the 105,000 x g cell fraction but their 
separation may be effected by electrophoresis (8). 

Several of the other tissue hydroxysteroid dehydrogenases 
have been partially purified. The DPN dependent 176-hy- 
droxysteroid dehydrogenase of steer liver has a lower pH opti- 
mum, 8.3, (10) than the guinea pig enzyme. This discrepancy, 
however, may be due to the use of a different buffer. The 3a- 
hydroxysteroid dehydrogenase possesses a pH optimum between 
8.0 and 8.3 for oxidative activity and between 7 and 8 for reduc- 
tive activity (11). The rat liver 3a-hydroxysteroid dehydro- 
genase is reported to be localized in the microsomal fraction 
closely associated with an 118-hydroxysteroid dehydrogenase 
(12). Both of these enzymes utilize TPN and DPN interchange- 
ably. Guinea pig liver possesses a 38-hydroxysteroid dehydro- 
genase and only a trace of 3a-hydroxysteroid dehydrogenase 
(13). The optimal pH for reductive activity is approximately 
6.7. The crude preparation utilizes either DPN or TPN and 
as in the case of the rat liver 3a-hydroxysteroid dehydrogenase 
(11), is effective on both the 5a and 58 steroids. Further frac- 
tionation of these enzyme preparations might demonstrate en- 
zymes with specificity for the coenzymes. 

An adrenocortical steroid C-20-keto reductase has been shown 
to be tightly bound to the microsomes of rat liver (14). It has 
a relative specificity for TPNH and steroids with a 17 ,21-di- 
hydroxy-20-ketone type side chain. A similar enzyme has been 
described in human placenta as well as rat liver (15) microsomes. 
On the other hand, the C-20 ketone of progesterone is reduced 
by a TPNH specific enzyme in the 105,000 x g fraction from 
human placenta at a pH optimum of 6.2 (16). 

The localization of these various dehydrogenases in specific 
parts of the cell are of interest. It may be implied that the 
metabolism of the steroids is associated with the specific bio- 
chemical changes that occur in the specific areas of the cell. 


SUMMARY 


Guinea pig liver contains a diphosphopyridine nucleotide 
(DPN)- specific and a triphosphopyridine nucleotide (TPN)- 
specific 178-hydroxy(testosterone)dehydrogenase which can be 
separated by centrifugation. The DPN enzyme is almost com- 
pletely separated at 24,500 x g and the TPN enzyme remains in 
solution even after centrifugation for 3 hours at 105,000 x g. 
Conditions for optimal activity of each enzyme have been deter- 
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mined. The pH optimum of both enzymes is approximately 9.6. 
The DPN enzyme requires approximately twice as much of its 
cofactor as does the TPN enzyme for maximal response: On the 
other hand, the TPN enzyme requires more than four times as 
much testosterone as the DPN enzyme to bring about a maximal 
response. The Michaelis-Menten constant for the TPN enzyme 
was 6.0 X 10-5 m andthatforthe DPN enzyme was 8.35 X 10-° . 
The DPN enzyme was slightly more stable at 4-6° than the 
TPN enzyme which lost about 5% of its activity per day. The 
DPN enzyme was more sensitive than the TPN enzyme to several 
sulfhydryl-combining agents. The homogenate and the re- 
spective separated enzymes responded in an identical manner in 
all of the studies. 
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Berliner and Wiest (1) have reported extensive metabolism 
of intravenously administered progesterone-4-C* in rats eviscer- 
ated by the Ingle technique (2). The metabolism occurred 
whether or not adrenalectomy and nephrectomy were included 
in the usual evisceration. Wiest (3) identified one of the me- 
tabolites of progesterone as 20a-hydroxy-A‘-pregnen-3-one in 
rats eviscerated and adrenalectomized. Berliner et al. (4) have 
reported the reduction of the C-20 carbonyl group of cortisol- 
4-C“ by eviscerated rats in which ligation of the renal vessels 
was included in the operative procedure. These findings cannot 
be explained by the well documented metabolism of the Cx 
steroids by liver and kidney tissue (5-10). 

Although skeletal muscle has been evaluated in the metabolism 
of steroids, the data, with one exception (11), have indicated 
that this tissue is almost completely inactive. Thus, in their 
initial evaluation of the role of various rat tissues in the metab- 
olism of deoxycorticosterone, Schneider and Horstmann (5) pre- 
sented evidence of some degradation of the side chain by di- 
aphragm segments. A subsequent paper (6) indicated that 
diaphragm segments and rectus mince were also almost com- 
pletely inactive in the metabolism of cortisone. A more recent 
evaluation (10) of the role of various rat tissues in the metabolism 
of cortisol indicates a small transformation of the substrate to 
118, 17a, 20 ,21-tetrahydroxy-A‘-pregnen-3-one by muscle mince. 

The present report describes the reduction in vitro of 17a- 
hydroxypregnenolone-7a-H*® (38,17a-dihydroxy-A*-pregnen-20- 
one-7a-H*) to A®-pregnene-38,17a,20a-triol-H* and A‘-preg- 
nene-38 ,17a,208-triol-H* by rabbit skeletal muscle. This 
appears to be the first definitive demonstration of the presence 
of both the 20a and 208 steroid dehydrogenases in skeletal mus- 
cle. 


EXPERIMENTAL PROCEDURE 


Paper chromatograms were scanned for radioactivity in an 
automatic windowless scanner, Atomic Accessories, Inc. ‘‘Scano- 
gram’? model RSC-5A. Samples for counting were evaporated 
to dryness under nitrogen in vials and dissolved in 10 ml of 
toluene containing 4 g of 2,5-diphenyloxazole and 100 mg of 
(1,4-di(2-(5-phenyloxazolyl))) benzene per liter. Counting was 
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done in a Packard Tri-Carb liquid scintillation spectrometer 
model 314 at an efficiency of approximately 16%. Melting 
points were taken on a Kofler microstage apparatus and are 
uncorrected for emergent stem. Infrared spectra were deter- 
mined in a Perkin and Elmer model 137 Infracord as potassium 
bromide disks except where indicated. 

A®-Pregnene-38 ,17a,20a-triol. This compound was prepared 
for use as carrier in the following manner: 17a-hydroxypregnen- 
olone (m.p. 266-268°) was acetylated with acetic anhydride and 
pyridine overnight at room temperature and the crude acetate 
was then reduced with lithium aluminum hydride (12). Since 
both isomers are expected in this procedure, the crude product 
obtained from the reduction was chromatographed in the tolu- 
ene-propylene glycol system (13). Strips (1 mm) of the chroma- 
tograms were submitted to antimony trichloride reagent (14) 
and trichloroacetic acid reagent (15). Partial separation of A®- 
pregnene-38 ,17a,20a-triol and its 208 isomer was indicated by 
the appearance of two adjacent areas of green color in visible 
light (antimony trichloride reagent) and corresponding areas of 
violet color in visible light and beige fluorescence under ultra- 
violet light (trichloroacetic acid reagent).. The more polar com- 
pound was eluted and recrystallized from methanol and acetone. 
The melting point was 222-224°; reported melting point for 
A®-pregnene-38 , 17a ,20a-triol, 221-224° (12). A portion of the 
crystals was acetylated in the usual manner and recrystallized 
from methanol. The melting point was 205-206°; reported 
melting point of A®-pregnene-38 ,17a,20a-triol-3 ,20-diacetate, 
204-206° (12). The infrared spectrum was identical with that 
of an authentic sample of A®-pregnene-38, 17a ,20a-triol-3 , 20- 
diacetate. 

A’ - Pregnene - 38 ,17a,208 - triol—17a-Hydroxypregnenolone 
was reduced with sodium borohydridesin. methanol at room 
temperature overnight. The reaction mixture was diluted 
with distilled water and the methanol removed under reduced 
pressure. The remaining aqueous solution was extracted with 
methylene dichloride. A preliminary chromatogram of a portion 
of the methylene dichloride extract indicated that the product 
obtained ran as a single zone in the toluene-propylene glycol 
system. Therefore, the crude methylene dichloride extract was 
crystallized directly from acetone and methanol: m.p. 224-228°, 
[al3*° —73° (95% ethanol); reported constants for A*-pregnene- 
38 ,17a,208-triol: m.p. 224-228° (12) [alp —75° (chloroform) 
(16). A portion of the crystalline material was acetylated and 
recrystallized from petroleum ether and acetone: m.p. 149-152°; 
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reported melting point for A*-pregnene-36 , 17a ,208-triol-3 , 20- 
diacetate-fusion at 153-154° with melting after partial solidifica- 
tion at 158° (12). The infrared spectrum was in agreement 
with that described by Hirschmann and Hirschmann (12). 
Periodate oxidation of a portion of the nonacetylated compound 
followed by recrystallization from hexane and methanol yielded 
fine needles, m.p. 140-141°. The infrared spectrum was iden- 
tical with that of the expected product, dehydroepiandrosterone. 

Purification of Substrate—17a-Hydroxypregnenolone-7a-H', 
specific activity, 2.6 mc per mg, was chromatographed on paper 
in the cyclohexane-benzene-propylene glycol system (17). Scan- 
ning revealed most of the radioactivity as a single symmetrical 
peak with two minor more polar peaks. The major peak, corre- 
sponding in mobility to 17a-hydroxypregnenolone, was eluted 
and rechromatographed in the toluene-propylene glycol system. 
Scanning revealed a single symmetrical peak. The center por- 
tion of this was eluted in methanol and evaporated to dryness 
under nitrogen. The dried residue was dissolved in methylene 
dichloride and the extract washed repeatedly with water and 
dried over sodium sulfate. The methylene dichloride was evap- 
orated under nitrogen and the material so obtained was used as 
the substrate for the incubations. 

Incubations—The substrate was dissolved in ethanol and 
propylene glycol and suitable aliquots were transferred to 
beakers. The ethanol was evaporated under nitrogen, leaving 
the substrate dispersed in a thin film of propylene glycol. Skele- 
tal muscle strips, approximately 2 X 8 mm, were prepared from 
both red and white muscle of the hind limbs of adult male New 
Zealand white rabbits immediately following sacrifice. Three 
groups of eight beakers each were incubated simultaneously. 
Each of the beakers comprising Group I contained 1 g (wet 
weight) of muscle strips, 2.0 ml of Krebs-Ringer bicarbonate 
buffer (18), 2.0 mg of glucose, 2.14 we of 17a-hydroxypregnen- 
olone-7a-H*, and 0.001 ml of propylene glycol. The beakers 
comprising Group II were identical with those of Group I except 
that the tissue was omitted. In Group III, muscle strips boiled 
for 5 minutes in distilled water were substituted for the tissue 
used in Group I. The incubations were carried out in an atmos- 
phere of 95% O2 and 5% COs: at 37° for 3 hours in a Dubnoff 
metabolic incubator at 110 r.p.m. 

Extraction—An equal volume of ethanol was added to each 
beaker. The contents were pooled for each group and homog- 
enized in a Potter-Elvehjem homogenizer and refrigerated over- 
night. Following centrifugation, the ethanol-aqueous phases 
were removed and the ethanol evaporated under reduced pres- 
sure. The remaining aqueous material was diluted with 10 ml 


TaBLe [I 
H** Associated with A5-pregnene-88 , 17a, 20a-triol (20a) and 
A‘-pregnene-38 , 17a ,20B-triol (208) zones 

















. | . Group III, boiled 
bith de Group I, tissue | Group II, no tissue "host m 
togram | 
20a 208 20a 208 20a 208 
First. ..... 1,080,000 | 239,000 | 12,800 | 5,330 | 11,100 | 4,920 
Second 1,000,000 | 137,000 | 668 46 454 70 
Third 136,000 





* Values are expressed in counts per minute of 16.0% efficiency 
and are corrected for known losses due to localizing of carriers 
and scintillation counting. 
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of distilled water and extracted three times with two volumes of 
methylene dichloride. The methylene dichloride extracts were 
evaporated to dryness under nitrogen. To each of the three 
residues so obtained, 33.9 ug of A®*-pregnene-38 , 17a ,20a-triol 
and 34.7 wg of A®-pregnene-38,17a,208-triol were added as 
carriers. 

Isolation and Identification—All chromatograms were run on 
strips (5 cm) of Whatman No. 1 chromatography paper at room 
temperature. The entire methylene dichloride residues were 
initially chromatographed in toluene-propylene glycol for 30 
hours. The chromatograms were scanned for radioactivity and 
a l-mm portion of each strip was submitted to antimony trichlo- 
ride reagent. Carrier areas were eluted and aliquots taken for 
scintillation counting. Subsequent chromatograms of these car- 
rier areas were run in isoéctane-toluene-methanol-water (15) for 
4 to 5 hours. 


RESULTS 


Of the 6.09 x 10° c.p.m. of 17a-hydroxypregnenolone-7a-H' 
added to each group, 95.6, 106.2, and 93.3% were recovered in 
the methylene dichloride extracts of Groups I, IJ, and III, 
respectively. 

Table I indicates the radioactivity associated with the carriers 
at various stages of chromatographic purification. Insignificant 
radioactivity was associated with the carriers in the two control 
incubations (Groups II and III) after two successive chromatog- 
raphies. In Group I, 16.2% of the added substrate was asso- 
ciated with carrier A*-pregnene-36 , 17a,20a-triol and 2.2% with 
carrier A5-pregnene-36 , 17a,206-triol. 

A®-Pregnene-36 , 17a@,20a-triol-H* was further identified by 
recrystallization to constant specific activity and the formation 
and recrystallization of two derivatives. To a portion of the 
radioactivity (72,000 ¢.p.m.) associated with A*-pregnene- 
38 ,17a,20a-triol, 9.167 mg of additional carrier were added and 
recrystallized three times from methanol and acetone. The 
crystals obtained from the third crystallization were acetylated 
in the usual manner and the crude acetate recrystallized three 
times from methanol. The melting point and infrared spectrum 
were in agreement with the constants for A*-pregnene-36 , 17a,- 
20a-triol-3 ,20-diacetate. The first mother liquors obtained 
from crystallization of the nonacetylated compound were evap- 
orated to dryness under nitrogen and recrystallized from meth- 
anol and acetone. The specific activity (7976 c.p.m. per mg) 
was in agreement with the specific activities previously deter- 
mined for the nonacetylated compound (average specific activity, 
8156 c.p.m. per mg). Therefore, these crystals were treated 
with periodate and the extracted product was recrystallized three 
times from methanol and hexane. The melting point was 140- 
141° and the infrared spectrum was in agreement with the 
expected product dehydroepiandrosterone. Table II indicates 
the successive specific activities determined during the above 
procedures. The theoretical specific activities derived from the 
weight of carrier added and the changes in molecular weight 
following derivative formation are also included for comparison. 

A*-Pregnene-36 , 17a,208-triol-H® was identified in a similar 
manner. To a portion of the radioactivity (61,300 c.p.m.) 
associated with A®-pregnene-36 ,17a,208-triol, 9.645 mg of ad- 
ditional carrier were added. This material was recrystallized 
three times from acetone or acetone and methanol. The crystals 
obtained from the third recrystallization were acetylated and 
recrystallized twice from petroleum ether and acetone. The 
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Specific activity of derivatives (counts per minute per mg) 

















2a A‘-Pr -P. 
Crystallization |59"17q" 90 triol |38, 17er 208. triol 
Derivatives Calculated 7846 6478 
First 8217 6609 
Second 8117 6492 
Third 8236 6684 
Acetate Calculated 6452 5170 
First 6112 4957 
Second 6445 4926 
Third 6118 
Dehydroepiandrosterone | Calculated 9518 7557 
First 8120 7266 
Second 8753 7739 
Third 9093 7428 














mother liquors obtained from the first crystallization of the non- 
acetylated compound were evaporated to dryness and recrystal- 
lized from acetone and methanol. The specific activity (6788 
¢.p.m. per mg) was in agreement with that previously determined 
for the nonacetylated compound (average 6595 c.p.m. per mg). 
Therefore, this material was treated with periodate and the 
product was recrystallized three times from hexane and methanol. 
The melting points and infrared spectra were in agreement with 
the physical constants of the expected derivatives, A®-pregnene- 
38, 17a,208-triol-3 ,20-diacetate and dehydroepiandrosterone, 
respectively. Table II indicates the specific activities deter- 
mined during the above identification as well as the calculated 
theoretical specific activities. 


DISCUSSION 


Mahesh and Ulrich (10) have recently reviewed the available 
data concerning the metabolism of steroids by skeletal muscle 
preparations. Except for the report of Paschkis et al. (11), 
concerning the inactivation of cortisone by diaphragm segments 
of the rat as measured by biological assay, skeletal muscle has 
been considered to be relatively (5, 6, 10) or completely inactive 
(19) in the metabolism of steroids. The present study indicates 
that 18.4% of the added substrate was transformed to the 20a 
and 208 isomers. In comparing the quantitative data reported 
here with that previously available, at least two factors other 
than species and substrate differences must be considered. The 
present investigation used a substrate of high specific activity 
(2.6 me per mg) and thus the steroid tissue ratio was ~ 1:1, 
000,000. In previous work in the metabolism in vitro of 
steroids in skeletal muscle, nonradioactive substrates were used 
and the steroid to tissue ratios were accordingly of a much higher 
order of magnitude. It is highly probable that the negative 
results obtained were due to inhibition of the muscle enzyme 
systems by the relatively high steroid concentrations. Secondly, 
with the exception of diaphragm preparations, other workers 
have used either muscle homogenates or muscle minces. The 
preparation used in the present study was selected because of its 
ease of preparation as compared to teased muscle preparations 
and because of its known ability to carry out metabolic functions. 

The recent report of Mahesh and Ulrich (10) confirms our 
observations on the presence of 20-hydroxysteroid dehydrogenases 
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in muscle tissue. They detected 0.8 ug of 118 ,17a,20? ,21-tetra- 
hydroxy-A*-pregnen-3-one from an incubation of 300 yg of corti- 
sol with a rat leg muscle mince. This may indicate that the 
20-hydroxysteroid dehydrogenases of skeletal muscle are not 
specific for the substrate employed in the present study. 

Muscle tissue may play an important quantitative role in the 
metabolism of other Ca steroids. The significance of this is 
appreciated when consideration is given to the relatively large 
amount of skeletal muscle as compared to the liver, which most 
likely can carry out the same reactions. 

The isolation of increased amounts of conjugated plasma 
dehydroepiandrosterone from the venous effluent of the isolated 
hind limb of the dog following intra-arterial injection of 17a- 
hydroxypregnenolone and pregnenolone (38-hydroxy-A*-preg- 
nen-20-one) has been reported by Oertel and Eik-Nes (20, 21). 
Radioactive dehydroepiandrosterone was not found in the pres- 
ent study. 


SUMMARY 


Incubation of 17a-hydroxypregnenolone-7a-H* with rabbit 
skeletal muscle strips resulted in the formation of A*-pregnene- 
38 ,17a,20a-triol-H® (16.2%) and A*-pregnene-36 , 17a ,206- 
triol-H*® (2.2%). These transformations appeared to be enzy- 
matic since neither compound could be isolated in control 
incubations run without tissue or with tissue inactivated at 100°. 
The isomers were identified by chromatographic mobility with 
carriers and recrystallization to constant specific activity. They 
were further identified by the formation and recrystallization of 
the diacetate and of dehydroepiandrosterone formed by periodate 
oxidation. This appears to be the first demonstration of the 
20a and 208 dehydrogenases in skeletal muscle tissue. The 
possible importance of skeletal muscle in steroid metabolism is 
discussed. 


Acknowledgments—We are particularly indebted to Dr. T. F. 
Gallagher of the Sloan-Kettering Institute for the infrared 
spectrum on the A*-pregnene-38,17a,20a-triol-3 ,20-diacetate 
and for a sample of A®-pregnene-38,17a,206-triol; to Dr. N. 
MeNiven for his help with lithium aluminum hydride reduction 
and optical rotations; and to Dr. M. Gut for the sample of 17a- 
hydroxypregnenolone-7a-H?. 


REFERENCES 


1. Berner, D. L., anp Wiest, W. G., J. Biol. Chem., 221, 449 
(1956). 

. Incite, D. J., Exptl. Med. Surg., 7, 34 (1949). 

. Wiest, W. G., J. Biol. Chem., 221, 461 (1956). 

. BerRLInER, D. L., Grosser, B. I., anp Doucuerty, T. F., 
Arch. Biochem. Biophys., T7, 81 (1958). 

5. ScHNEIDER, J. J., AND Horstmann, P. M., J. Biol. Chem., 191, 


m © bo 


237 (1951). 

6. ScHNEIDER, J. J., AND HorstTMann, P. M., J. Biol. Chem., 196, 
629 (1952). 

7. DE Courcy, C., AND ScHNEIDER, J. J., J. Biol. Chem., 223, 865 
(1956). 


8. Ganis, F. M., AxELRop, L. R., anp Miter, L. L., J. Biol. 
Chem., 218, 841 (1956). 

9. pE Courcy, C., J. Biol. Chem., 229, 935 (1957). 

10. Manesu, V. B., anp Uuricnu, F., J. Biol. Chem., 286, 356 
(1960). 

11. Pascuxis, K. E., Cantarow, A., AND Boye, D., Federation 
Proc., 10, 101 (1951). 

12. HirscHMANN, H., anp HirscuMann, F. B., J. Biol. Chem., 
187, 137 (1950). 





2800 Reduction of 17a-Hydroxypregnenolone Vol. 235, No. 10 THE ve 


13. Zarraroni, A., Burton, R. B., anp Keutmann, E. H., 18. Umpreirt, W. W., Burris, R. H., anp Staurrer, J. F., Mano- 
Science, 111, 6 (1950). metric techniques, 3rd edition, Burgess Publishing Corp., 
14. RosEnKRANTZ, H., Arch. Biochem. Biophys., 44, 1 (1953). Minneapolis, 1957. 
15. pE Courcy, C., J. Endocrinol., 14, 164 (1956). 19. GuENN, E. M., anp RecknaGEL, R. O., Proc. Soc. Exptl. Biol. 7 
16. Freser, L. F., anp Fressr, M., Steroids, 4th edition, Reinhold & Med., 89, 153 (1955). 
Publishing Corp., New York, 1959, p. 630. 20. OERTEL, G. W., AND E1x-Nzs, K., Federation Proc., 17,400 (1958), 
17. Kocuaxian, C. D., anp Sipwortay, G., J. Biol. Chem., 199, 21. OertreL, G. W., anp Erx-Nes, K., Endocrinology, 65, 766 
607 (1952). (1959). 


The 
on An 
jum ¢ 
Resolt 
fractic 
IIb, I 

It i 
gether 
in the 
Ui (2 
teinas 
in ext 
facts. 
cidate 
variot 
indica 
of the 
other 
draw 
sis of 
on th 
tides. 
IIb, | 
from 
myces 
the d 
struct 


His 
from 
nated 
four ‘ 
thym 
volun 


wy 
Instit 
C-484 

+P 
Scien 

1F 
ignat 
ginin 
fracti 
prop 








10 


ol. 


8). 
66 





Tue JOURNAL OF BioLoaicaL CHEMISTRY 
Vol. 235, No. 10, October 1960 
Printed in U.S.A. 


Arginine Peptides Obtained from Thymus Histone Fractions 
after Partial Hydrolysis with Streptomyces 
griseus Proteinase* 


Kazuo Satake,{ P. Strd¢rer Rasmussen, AND J. Murray Luck 


From the Department of Chemistry, Stanford University, Stanford, California 


(Received for publication, November 9, 1959) 


The fractionation of calf thymus histone by chromatography 
on Amberlite IRC-50 with a concentration gradient of guanidin- 
ium chloride as eluant was reported in a previous paper (1). 
Resolution of whole histone sulfate resulted in two lysine-rich 
fractions (Ia and Ib) and six arginine-rich fractions (Ilaa,! Ila, 
IIb, IIc, III, and IV). 

It is not established, however, that all of these fractions, to- 
gether with two or three minor components, are present as such 
in the cell nuclei. Arginine-rich histone has been reported by 
Ui (2, 3) to change gradually into an aggregate, whereas pro- 
teinases, suspected to be present in cell nuclei (4-6),.or. acid used 
in extraction procedures (6), might result in production of arti- 
facts. It is evident that this problem might be partially elu- 
cidated by comparison of the amino acid composition of the 
various fractions, since such data would, in certain instances, 
indicate unequivocally whether or not it would be possible for one 
of the isolated fractions to have been derived from one of the 
other fractions. Conclusions of comparable value may also be 
drawn from the analysis of peptides obtained by partial hydroly- 
sis of the different fractions. In this paper, we wish to report 
on the separation and identification of arginine-containing pep- 
tides derived from the major histone fractions Ia, Ib, Ilaa, Ila, 
IIb, III, and IV, using for the purpose peptides which resulted 
from the partial hydrolysis of the several fractions with Strepto- 
myces griseus proteinase (7, 8). The data obtained also permit 
the discussion of problems pertinent to the homogeneity and 
structure of the proteins which constitute the various fractions. 


EXPERIMENTAL PROCEDURE 


Histone Sulfates—The mixture of histone sulfates obtainable 
from thymus nuclei by extraction with sulfuric acid, and desig- 
nated in this paper as whole histone sulfate W, was prepared by 
four to eight successive extractions of washed nuclei from calf 
thymus with 0.2 n H.SO, and subsequent precipitation with 2.5 
volumes of ethanol (1). In some cases, mixtures of histone sul- 


* These studies were supported by a grant from the National 
aie of Health, United States Public Health Service (Grant 

-484). 

jt Permanent address, Department of Chemistry, Faculty of 
Science, Tokyo Metropolitan University, Tokyo, Japan. 

1 Fraction Ilaa is part of the arbitrary fraction tentatively des- 
ignated as Fraction Ic in our previous paper (1). From the ar- 
ginine content, other analytical data, and the properties of the 
fraction, we now conclude that Fraction Ilaa belongs more ap- 
propriately to the arginine-rich group (Fractions II, III, and IV). 


fates were prepared by fractional extraction of the nuclei with 
different concentrations of sulfuric acid (9). 

Histone sulfate;.;, a mixture of sulfates, was obtained by 
ethanol precipitation of the eombined extracts derived by two 
successive extractions of the washed nuclei with sulfuric acid at 
pH 1.5. Histone sulfates, also a mixture of. sulfates, was ob- 
tained by ethanol precipitation of the combined extracts: which 
resulted from three* successive extractions with sulfuric acid at 
pH 0.7, with use, as the starting material; of the residue from 
the pH 1.5 extractions. In preparing histone sulfate,.s, 0.8 ml 
of dilute sulfuric acid per g of thymus gland was used in each 
extraction, the pH of the two extraction mixtures being adjusted 
to 1.5. In the three successive extractions at: pH 0.7, 0.8 ml ‘of 
dilute sulfuric acid per g of thymus gland was likewise used.? 

Chromatography—Histone Fractions Ia, Ib, Ilaa, IIa, and 
IIb were obtained by elution chromatography of whole histone 
sulfate W on a column of Amberlite IRC-50 (pH 6.8). by use of 
a concentration gradient of guanidinium chloride® from 7 or 8% 
up to 13% (1). Fractions Ia, Ib, and IIb were also obtained 
from histone sulfate;.; and Ilaa and IIb from histone sulfates. 
by the same chromatographic procedure. Typical chromato- 
grams of histone sulfate:.; and histone sulfates are presented 


2 The turbidimetric method with trichloroacetic acid (1) was 
used for estimation of the protein concentration of extracts: The 
first extract at pH 1.5 contains most of the protein extractable at 
that pH value, the second extract contains about one-fourth as 
much as the first, and a third extract contains almost no protein. 
The protein content of the extracts made at pH 0.7 follows a simi- 
lar pattern in that the three extractions routinely made at this 
pH value are almost always sufficient to extract virtually all of the 
acid-extractable protein. Average yields of five preparations of 
histone sulfate:.; and of five of histone sulfateo.7 were 0.98 g and 
0.89 g (total 1.87 g), respectively, per 100 g of thymus. 

* Commercially available guanidine hydrochloride requires pu- 
rification before use. The following simplified procedure is now 
used instead of that described earlier (1). Guanidine hydrochlo- 
ride, 3 kg, practical grade (Eastman Kodak Company), was dis- 
solved in water to a final volume of about 5 liters. The insoluble 
residue was filtered off. The filtrate was passed through a column 
(7.5 X 28 em) of Norit (1 part) and Celite (2 parts), previously well 
mixed in water. Such a column is adequate for 900 ml of the 
guanidine hydrochloride solution, which on passage through the 
column is found to be free of impurities which absorb at 277 mu. 
Introduction of the 900 ml of the guanidine hydrochloride was fol- 
lowed by approximately 1000 ml of water. The effluent is col- 
lected in portions of 300 to 500 ml and the concentration of guani- 
dinium chloride determined refractometrically. The columns of 
adsorbing material are not reused. 
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Fig. 1. Chromatographic fractionation of thymus histone sul- 
fates on Amberlite IRC-50 columns with a concentration gradient 
of guanidinium chloride (GuCl). Samples of histone sulfates ap- 
plied to column: histone sulfate,.;, 700 mg; histone sulfateo.7, 570 
mg. Size of column, 7.5 X 55cm. Protein concentration of the 
effluent fractions was estimated (a) by the optical density at 277 
my, @——@; and (b) by measurement at 400 my (after 15 minutes 
at room temperature) of the optical density of the slightly turbid 
solutions which resulted when 0.1-ml effluent samples were mixed 
with trichloroacetic acid in a total volume of 3.0 ml. O---O, 
turbidity produced in 1.1 m trichloroacetic acid; 0-——D, turbid- 
ity produced in 0.8 m trichloroacetic acid; xX, concentration 
of guanidinium chloride in the effluent, as determined by refrac- 
tometry. 


in Fig. 1. Histone Fractions III and IV were obtained by re- 
chromatography of the combined final fractions as described in 
our previous paper (1); for this purpose we used a high concen- 


tration gradient of guanidinium chloride which extended from | 


10 to 30%. 

Each fraction was dialyzed against distilled water at 2° until 
the protein solution was free from chloride and guanidinium 
ions. The solutions were concentrated by rotary evaporation 
below 35° and lyophilized. The products were stored at —5°. 
Each fraction was found to be soluble in Mirsky’s reagent (0.34 
m HgSO, in 1.88 m H,SO,) (10). The chromatographic yields 
and properties of some of these fractions are presented in Tables 
I and II. 

Partial Hydrolysis of Fractions—Use was made of the protein- 
ase produced by the fungus S. griseus. The proteinase, purified 
from the culture medium by a chromatographic procedure (11), 
was kindly supplied by Dr. M. Nomoto. The histone samples 
(moisture content 10 + 3%) were dissolved at a concentration 
of 6 mg per ml in 0.02 m sodium phosphate (pH 8) at 30°, and 
mixed with an equal volume of a freshly prepared solution of the 
proteinase (200 wg per ml) in the same buffer and at the same 
temperature. The solutions were maintained at 30 + 2° for 
various intervals of time. The rates of hydrolysis, expressed as 
percentages, and illustrated in Fig. 2, were calculated from the 
free amino group content of the enzymatic digests and of com- 
plete hydrolysates (6 n HCl at 110°, 20 hours). 
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In each case, the amino group content was spectrophoto- 
metrically determined after picrylation (12). One-tenth of a 
milliliter of the two hydrolysates (total and partial), 3 mg per 
ml, was diluted with water to 4.0 ml and used for the spectro- 
photometric analysis. In the case of the enzymatic hydroly- 
sates, hot water (80°) was used as the diluent and the solutions 
were then maintained at 80—-90° for 5 minutes to inactivate the 
proteinase. Diluted solution, 1 ml, was mixed with 1 ml of 
0.5 m NasHPO, and 1 ml of 0.10% picryl sulfonic acid (2,4,6- 
trinitrobenzene sulfonic acid). After standing in the dark at 
room temperature for 2 hours to complete picrylation of free 
amino groups, the mixture was diluted with normal HCl to a 
definite volume (5 to 15 ml) and the absorbancy at 350 my was 
measured. 

Fractionation of Arginine Peptides—The enzymatic hydroly- 
sate corresponding to 30 to 350 mg of histone was passed through 
a column of Dowex 2 (50 to 100 mesh; OH cycle) (1 cm? x 20 
cm) at a rate of 0.5 ml per minute, in order to adsorb non-argi- 
nine components on the column (7). As soon as the applied 
hydrolysate had been allowed to flow into the column, 250 ml 
of water were passed through at a rate of 5 ml per minute. 
During the washing with the first 100 ml, the pH of the filtrate 
fell from 11 to 6, and after washing with 200 ml, the filtrate 
became Sakaguchi-negative (less than 0.5 ug per ml as arginine). 

From an acid hydrolysate of histone, the arginine could be 
quantitatively (98 to 101%) recovered in the filtrate without 
any contamination by other amino acids. In the case of the 
partial hydrolysates (S. griseus proteinase) of histones, the rela- 
tive ratio of the Sakaguchi reaction color intensity to the optical 
density at 350 my after N-picrylation, taking that of arginine 
as 1.00, increased from 0.03 to 0.20 up to 0.65 to 0.75. 

The column could be reused repeatedly after being regenerated 
with 100 ml of 2 nN NaOH and washed with water until the fil- 
trate became neutral. 

The filtrate and washings from the Dowex 2 column were 
combined and the pH adjusted to 5 to 6 with acetic acid. The 
solution was concentrated to a few milliliters and applied to a 
column of Amberlite IRC-50 (Na cycle) of about 150 to 200 
mesh (5 cm? X 80 cm for 250 to 350 mg of hydrolyzed histone; 
1 cm? X 55 cm for 30 to 80 mg of hydrolyzed histone), which 
had been equilibrated at pH 8 by a previous washing with 0.05 
M Na2HPO, (7, 13). The peptides were eluted from the column 
with NaCl in the same buffer by stepwise increases in the con- 
centration of sodium ion from 0.1 to 0.3, 0.5, 0.7, 1.0, and finally 
1.5 g of ion per liter. The flow rate was approximately 10 ml 
per cm? per hour, and fractions were collected every 15 minutes. 

Spectrophotometric Determination of Arginine and Arginine 
Peptides—The concentrations of arginine and arginine peptides 


TABLE I 


Chromatographic yields of histone fractions 
(calculated from chromatograms) 





Lysine-rich 


factions Arginine-rich fractions 


Source material 





| 
Ia | Ib | Ix | taal Ha} mb | Mit 














g/100 g source material 


Histone sulfate W.. 10 | 19 | 4|6| 40 | 15 
Histone sulfate; ;..... | 12 | 25 | 9* 39 | 6 
Histone sulfateo.;.... | 24 





* TIlaa + IIa. 
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TABLE II 


Properties of histone fractions* 








Arginine content 


Ratio of ultraviolet 


trichloroacetic acid 


| 


Molecular weight 





NH:2-terminal residues 














Osmotic pressure | Sedimentation | End-group 
g/100 g fraction | 
Lysine-rich fractions 
la 3.3-3.9 '\ Nonet 
Ib 3.1-4.0 iJ eae, ne | None} 
| 
Arginine-rich fractions | | 
Ilaa 8.5-9.8 h 12,000 Alanine (86%) 
Ila 12.0-13.1 | | 15,000 Alanine (78%) 
IIb 13.0-13.4 |. 15,0005 18,000 Proline (97%) 
Ill 13.4-13.9 26,000 25,000 Alanine (74%) 
IV 14.8-16.1 28 ,000 30,000 Alanine (82%) 








* The best preparations were derived as follows: Ia and Ib from histone sulfate,.;; Ix and Ilaa from histone sulfateo.;; Ila from 
histone sulfate W; IIb from histone sulfate W and histone sulfate,.;; and III and IV by rechromatography of final fractions (see p. 
1409 and Fig. 2 of (1)). 

t Ratio of optical density at 278 myz of clear aqueous solution to optical density at 400 mu of turbid solution obtained by 30-fold 
dilution of clear aqueous solution with 1.1 m trichloroacetic acid. For Fraction Ix the ratio was 1.1-1.3. A fraction that yields a low 
value for this ratio has a lower content of aromatic amino acids per unit weight of protein than a fraction that yields a high value for 


this ratio. 


t In a preceding paper from this laboratory (1), valine was reported as the NH:-terminal group of Fraction I. 
used was more impure than present preparations and we suspect that it may have contained an appreciable amount of Fraction Ix (see 


The fraction then 


Fig. 1) and of a neighboring Fraction Ic (see Table I(1) and p. 1413 (1)). The latter is rich in NH_-terminal valine. 


In the present work, and with the preparation used, one of us (K. 8.) was unable to demonstrate with dinitrofluorobenzene the 
presence of an NH,-terminal amino acid residue. This absence was independently observed by D. M. P. Phillips who was then in our 
laboratory. Dr. Phillips also explored the possibility that the anticipated free amino group was blocked by acylation; the results 


were negative. 


§ Unresolved mixtures of Ia + Ib and of IIa + IIb. 
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Fic. 2. Hydrolysis of histone sulfate W (3 mg per ml in 0.02 M Na,HPO,) by S. griseus proteinase (100 wg per ml) at 30°. Ab- 
Ordinate: Spectrophotometric readings of free amino groups as determined by the 
picrylation method. The dotted line shows the readings for a complete hydrolysate made in 6 n HCl (110°, 20 hours). 
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Fic. 3. Chromatographic separation of arginine peptides derived from whole histone sulfate W, on Amberlite IRC-50 (pH 8) 


column. 


Sixty-five per cent hydrolysate (cf. Fig. 2), corresponding to 346 mg of histone sulfate, on a 5 cm? X 80 cm column. The 


concentration of Na-ions was increased stepwise at the points shown by arrows, by adding NaCl to the 0.05m NasHPO,. The 


concentration of arginine residues was determined by the Sakaguchi reaction. 


also to Column I of Table III. 


were determined by a modified Sakaguchi reaction with N-bro- 
mosuccinimide as the oxidizing agent (14), and under the as- 
sumption that arginine peptides give the same color intensity 
as the equivalent of free arginine (7, 15). In the case of the 
chromatographic effluents containing the arginine peptides, a 
simple direct method was used. To an effluent sample of 0.5 
ml was added 0.5 ml of oxine solution (0.02% 8-hydroxyquino- 
line in 3 N NaOH), followed with vigorous shaking by 0.5 ml of 
0.07% aqueous solution of N-bromosuccinimide. After 1 to 5 
minutes, the orange-colored solution was diluted with 2 ml of 
water. The optical density at 500 my was measured between 
0.25 and 3 hours after the addition of N-bromosuccinimide. 

With histone fractions, Method A, as previously described 
(14), was used. 

Purification of Arginine and Arginine Peptides—To the frac- 
tions corresponding to the peaks on the elution diagrams (Fig. 
3), and after concentration of each to a few milliliters were 
added 5 ml of 0.5% fluoro-2 ,4-dinitrobenzene in methanol and 
1 ml of 4% sodium bicarbonate solution; the suspension was 
kept for 5 hours at room temperature in order to dinitrophenyl- 
ate the arginine peptides. The acidified mixture (pH < 1) was 
washed with peroxide-free ether, 10 ml each time, until the 
washings showed an optical density of less than 0.02 at 360 mu 
(usually, five washings were necessary). The aqueous solution 
was then concentrated below 40° to a few milliliters and added 
to a column (2 cm? X 15 cm) of talc-Celite (1:2, weight for 
weight) in order to adsorb DNP-arginine* peptides present in 


4 DNP is used as an abbreviation for 2,4-dinitrophenyl or 2,4- 
dinitrophenol, depending on the context. 


The identifying numbers above the peaks relate 


the aqueous solution. The adsorbed yellow bands were well 
washed with n HCl (150 ml) to remove inorganic salts and un- 
reacted peptides, then eluted with 100 ml of n HCl-methanol 
(1:1 volume for volume, followed by 100 ml of n HCl-methanol 
(1:3 volume for volume) (7, 15)). 

Determination of Structure of Arginine Peptides—An aliquot 
of each eluate was hydrolyzed with 6 n HCl at 100-110° for 4 
hours, and the resulting DNP-amino acids and frye amino acids 
were identified by chromatography on Whatman No. 1 paper. 
n-Butanol saturated with 1% ammonia and 1.0 m phosphate 
buffer (pH 6.0) were used as the solvents for DNP-amino acids; 
phenol saturated with water and n-butanol-acetic acid-water 
(4:1:1.5 volume for volume) were used as the solvent systems 
for free amino acids, DNP-arginine, and e-DNP-lysine (16). 

For the quantitative determination of free amino acids, each 
HCl-hydrolysate was washed with ether to remove the terminal 
DNP-amino acid(s); the residual amino acids were dinitrophen- 
ylated. The DNP-amino acids thus produced from residues in 
nonterminal positions were resolved two-dimensionally as pre- 
viously described. The yellow spots were separately eluted 
with 1% sodium bicarbonate and the absorbancy of each extract 
was determined at 360 my (at 380 my in the case of DNP-pro- 
line) (16). 

Another aliquot of each eluate was used for spectrophotometry 
at 300 to 400 my and for measurement of the Sakaguchi reaction 
color intensity. These results are expressed as the relative ratio 
of the absorbancy in 1% HCl and at 355 my (378 my in the 
case of prolylpeptide) attributable to the DNP-group, against 
the Sakaguchi reaction color density, taking that of DNP-argi- 
nine as 1.00 (see Table III). 
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TaBxe III 
Analytical data on arginine and arginine peptides from whole histone sulfate W* 
me O. D. ratiot |DNP-derivatives of NH2-terminal (and lysine) residuest | Free amino acid residuest | Structure proposed 
1 0.62 Gly (0.2), Ser(0.3), Ala(0.1), DNP(0.1), | Pro(0.2), Ala(0.9), Glu(0.4), Arg(1.7), Mixture 
Arg (0.5) Asp(0.2), Ser(2.3), Leu and Ileu (0.3), 
Thr(0.7) 
2 0.89 Ala(0.8) Ala(1.1), Pro(1.0), Arg(1.3) Ala(Ala, Pro, Arg) 
3 0.52 Ala(0.7) Ala(0.9), Pro(2.2), Arg(2.1), Gly(0.9), | Mixture 
Glu(1.2), others (0.2) 
4 0.39 Ala(0.8) Pro(1.8), Thr(0.9), Arg(2.3), Gly(1.0), Ser | Mixture 
(0.9), Glu(1.0), Asp (0.4), others (0.3) 
5 1.04 Ala(0.8) Pro(1.1), Arg(0.9) Ala(Pro, Arg) 
6 1.19 DNP (0.7) Pro(0.6), Arg(0.8) Pro. Arg 
7 0.92 Ala(0.8) Thr(0.9), Arg(1.0) Ala(Thr, Arg) 
8 0.96 Thr(0.7) Arg (0.8) Thr. Arg 
9 1.03 Ala(0.8) Arg (0.9) Ala. Arg 
10 1.01 Ser (0.7) Arg (1.0) Ser. Arg 
11 0.86 Gly (0.4), DNP (0.3) Arg(1.0), Gly (0.1) Gly. Arg 
12 1.82 Arg (0.8), e~-DNP-Lys(0.9) None Arg.Lys 
13 1.14 Arg (0.8), «-DNP-Lys(0.05) None Arg(+Arg.Lys) 
14 0.47 Arg (0.8) Arg (0.9) Arg. Arg 
15 0.38 Arg (0.7), e-DNP-Lys(0.07), bis-DNP-Lys | Arg(0.7), others (0.2) Arg.Arg.Arg (+mixture) 
(0.1), others(0.05) 

















* The samples were taken from the shaded areas in Fig. 3. 


+ The relative ratio of the optical density at 355 my (in 1% HCl) of each dinitrophenylated fraction to the Sakaguchi reaction color 
intensity, taking that of DNP-arginine as 1.00. The absorption maximum of all dinitrophenylated fractions was 351 to 357 my, except 


for No. 6. 


t All figures shown in parentheses present the relative molar amounts found in the HCl hydrolysates (uncorrected for the amounts 


destroyed during hydrolysis). 


RESULTS 


Whole Histone Mixture—Whole histone sulfate W from calf 
thymus was hydrolyzed up to 70% by S. griseus proteinase, as 
shown in Fig. 2. Early in the hydrolysis, some turbidity ap- 
peared (5% hydrolysis) and later a precipitate, but this com- 
pletely disappeared on further hydrolysis (20% hydrolysis). 
The phenomenon was especially noticeable in the case of slow 
hydrolysis, achieved by use of a lower concentration of protein- 
ase (10 wg per ml instead of 100 ug per ml) or at a lower tem- 
perature (15 to 20° instead of 30°). During the initial stage 
of rapid hydrolysis (20 minutes), the free amino groups liberated 
were predominantly those of alanine, serine, glycine, and threo- 
nine; the sum of these four accounted for three-quarters of the 
total a-amino groups; the supernatant portions of these partial 
hydrolysates still contained components precipitable by molar 
trichloroacetic acid. After approximately 45% hydrolysis (1 
hour), the velocity of hydrolysis decreased markedly and stopped 
at 70% after 10 hours. During the later stages the production 
of appreciable amounts of free phenylalanine, tyrosine, leu- 
cine(s), and valine, of smaller amounts of asparagine, aspartic 
acid, glutamic acid, and alanine, and of minute amounts of 
serine, threonine, proline, glycine, and glutamine was observed 
by paper chromatographic analysis. 


Five samples of the hydrolysate, taken at different stages (0.5 
hour, 37% hydrolysis; 2.5 hours, 55; 5 hours, 65; 10 hours, 70; 
25 hours, 72) were separately pretreated on a Dowex 2 column 
to obtain from each the arginine and arginine peptides, which 
were then fractionated by chromatography on Amberlite IRC-50 
(pH 8). The results of one such fractionation are shown in Fig. 
3. The yields of arginine and arginine peptides derived from 
whole histone sulfate W are given in Table IV. 

The recovery of the arginine residues in all effluents was al- 
most quantitative when the histone was 65% or more hydro- 
lyzed. In the less complete hydrolysates, however, the appar- 
ent recovery was lower and it was not improved by omitting 
the pretreatment on a Dowex 2 column (15).5 The lower re- 
covery may be due to incomplete elution of some higher arginine 
peptides from the Amberlite IRC-50 column or a lower Saka- 
guchi reaction color intensity as compared with that of free 
arginine, or both. 

The analytical data on the NH>-terminal residues and on the 
amino acid composition of 15 Sakaguchi-positive components 
(Fig. 3) are summarized in Table III. From these results, the 
presence of Gly.Arg, Ala.Arg, Ser.Arg, Thr.Arg, Pro.Arg, 


5 If the pretreatment with Dowex 2 is omitted, appreciable 
amounts of histidine are eluted, together with Arg.Lys. 
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TABLE IV 
Yield* of arginine and arginine peptides from whole histone sulfate W 
Arginine residues Ans 
S38 Hydrolysis | | | | | Total 
ze Ala (Ala, (pro, | Pro.Arg| (Tht, |Thr.Arg| Als.Arg|Gly.Arg| Ser.Arg | Arg.Lys| Are. | Arg-Arg| Arginine| asginine Argin- 
g& Pro, Arg)! Arg) | S| Arg) ' 2 te eee a ee tides inesrich 
a | Arg) | g g pep D 
| oN SRS, SA ae, histones 
hrs | % of total | 

b | 0.5} 37 | 2.5 | 4.0| 8.0 | 4.0 | 7.5 | 49 75 —" 

b 2.5 55 6.0 re | © | 1.5 0 4.0 1.0 0.7 7.5 4.5 | 6.4 15.5 | 35 84 

e | 2.5| 55 5.1 | 2.0] 0 | 1.3 | 01 | 42] 09] 05] 8.0| 5.1 | 7.0 | 16.0 | 13 (32)| 63 (go) | 2 

a 5 65 ae 1" SR 1.5 | 5.0 1.2 12.0 4.5 5.2 10.0 S80 | U8 24 14.0 93 

b | 10 70 0.2 | 0.4 | 6.0 | 1.2 | 5.5 | 14.3] 6.5 8.9 | 10.7] 0.3 | 2.3 | 29 9.2 | 95 

b | 25 72 is 6.5 | 0.3 | 5.9 | 14.5| 68 | 93/109! 0 | 0.4 | 30 8.0 | 93 

d 25 72 | 6.8 | 6.0 16.1 8.2 12.4 10.1 | 29 4.3 93 Ila 

* Of arginine residues expressed in percentage of total arginine. 

+ Analytical method: (a) Complete arginine-peptide analysis (Dowex 2 column; Amberlite IRC-50 chromatography) including iden- 
tification and quantitative assay of the amino acids that resulted from complete hydrolysis of the peptides. (b) Same as (a) but quan- laa 
titative assay of amino acids was omitted. (c) Same as (6) but treatment on Dowex 2 column was omitted. The lower value for 
“other arginine peptides”’ is due to inhibition of the Sakaguchi reaction, which results from the presence of larger amounts of other 
amino acids and peptides (at the hold-up volume of the Amberlite IRC-50 column) ; when Method B (14) was used for the spectropho- HH 
tometry, instead of the direct method, the normal values shown in parentheses were obtained. (d) Dowex 2 column; direct dinitro- 
phenylation of impure arginine peptides; fractionation with ether; calculation from the amount of DNP-amino acids in the HCl hy- IV 
drolysate. *M 
Arg. Lys, and Arg.Arg, together with free arginine, was demon- sates, respectively). These higher arginine peptides were rich " 
strated. The separation of Arg.Lys® from free arginine was in proline, alanine, serine, glycine, and threonine; they had some ; 
only partially complete by this procedure, but both were fully of the latter four amino acids as NH:-terminal residues, and they — 
and quantitatively separated as the DNP-derivatives on a tale were eluted at almost the hold-up volume of the Amberlite wat 
column, since DNP-Arg was eluted easily with n HCl-methanol IRC-50 (pH 8) column. Ala(Ala,Pro,Arg) (No. 2), Ala.Pro.- — 
(1:1), and bis-DNP-Arg. Lys was left on the column; the latter Arg (No. 5), Ala. Thr.Arg (No. 7), Arg. Arg, and Arg. Arg. Arg hydra 
could then be eluted with n HCl-methanol (1:3). DNP-Pro.- were also found in the 2.5-hour (55%) and 5-hour (65%) hy- - aly 
Arg gave DNP, proline, and arginine on acid hydrolysis (6 N  drolysates as intermediate products. They gradually disap- tively 
HCl, 100 to 110°, 4 hours); the presence of proline in the NH:- peared on further action of the proteinase, and Pro.Arg and - , 
terminal position was concluded from the absorption spectrum Thr.Arg began to appear. These facts suggest the presence of ; ry 
(Amax = 378 mu in HCl). DNP-Gly derived from DNP-Gly.- Ala.Pro.Arg and Ala.Thr.Arg in histone(s). On the other a 
Arg was partly decomposed to DNP and glycine or, alterna- hand, there were no essential differences between the 10-hour 
tively, DNP was cleaved from DNP-Gly.Arg during the acid (70%) and 25-hour (72%) hydrolysates, indicating that six ly 
hydrolysis and before cleavage of the peptide bond. Were the dipeptide linkages (Pro. Arg, Thr. Arg, Ser. Arg, Gly. Arg, Ala.- on, 
former to be true, the degradation of DNP-Gly would have to Arg, and Arg.Lys) are quite resistant to this proteinase. to be 
be increased by the presence of arginine, since the boiling of These results, obtained with histone, differ from those with ; 
DNP-Gly in 6 n HCl in the absence of arginine gave only a hemoglobin (7). In the latter case, appreciable amounts of _ 
trace (less than 5%) of free glycine and DNP. Gly.Arg, Ala.Arg, Arg.Glu, and free arginine were found in a 

The fractions corresponding to Peaks 3 and 4 (Fig. 3) had the short period hydrolysates (40% hydrolysis) after use of = 
alanine as the sole NH:-terminal group, but are considered, from _S. griseus proteinase; other intermediate oligopeptides contain- - 
the amino acid composition, to be heterogeneous. The last ing arginine were almost absent. The different results with § © _ 
component(s) to be eluted (Peak 15) with a high concentration histone may be due to the presence of slowly hydrolyzed pep- IV) : 
of sodium ion (1.5 g of ion per liter), was also not pure, but _ tide linkages such as Ala. Thr and Ala. Pro in the neighborhood i 
from the NH:-terminal analysis, the arginine content, and the of arginine residues. As was already mentioned, initial hydroly- “i 
elution position, it seems to be composed mainly of Arg.Arg.- sis by this proteinase was characterized by the liberation of ald 
Arg (13). seryl, glycyl, alanyl, and threonyl residues as NH>-terminals ae 

The yield of well defined arginine peptides is compared in and was followed by the formation of free aromatic amino acids, hh . 
Table IV with the amount of arginine residues present in the leucine(s), valine, etc. The COOH-terminal bond of glycine, tag 
original protein. In the case of short time hydrolysates, appre- serine, and alanine, on the other hand, is fairly resistant to the IRC. 
ciable amounts of arginine residues were recovered as higher proteinase, according to experiments with synthetic dipeptides 
peptides*® (average 6.8, 5.2, and 4.7 amino acid residues per as substrates. The NH:-terminal groups and the amino acid iT 
arginine residue, in the 0.5-hour, 2.5-hour, and 5-hour hydroly- composition of intermediate products No. 1, No. 3, and No. 4, Ala.P 

® The higher arginine peptides from the 2.5-hour hydrolysates = we — eee ee — = eee pent . o 
gave Arg.Asp and Arg.Glu together with Ala.Arg, Pro.Arg, and sistent with the known substrate specificity of this proteinast 8T 
Thr.Arg on further hydrolysis with 12 n HCl (3 days at room tem- (7, 8). moles 
perature). Arginine-rich Histones—By use of the same methods, the § inka, 
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TABLE V 
Yield of arginine and arginine peptides from arginine-rich histones 
Analysis by Method b (see Table IV). 
Peptide yields 
feerich — Arginine content* Hydrolysis | | Other 
histones ay pe Pro. Arg hs ~ Thr.Arg| Ala.Arg ean Ser.Arg | Arg. Lys pa Arg.Arg Tr 
wm g/100 g fraction Ars % total moles/mole protein 
IIb 18,000 13.1 2.5 53 0.30 OT 0.26 | 0 0.61 0.18 | 0.07 | 0.89 | 2.28 | 0.57 | 5.52 
13.2 5 66 0.47 | 0.25 | 0.78 | 0.06 1.45 | 0.54 | 1.08 1.52 | 3.49 | 0.71 2.43 
13.1 10 70 0.38 | 0.82 | 0.07 | 0.74 1.68 | 0.86 1.78 1.66 | 3.92 | 0.13 | 0.57 
13.4 25 71 0.13 | 0.84 | 0 0.88 1.70 | 0.89 | 2.06 | 1.59 | 4.43 | 0.03 | 0.34 
| 
Ila 15,000 12.2 15 72 0.95 | 0.85 1.05 | 0.29 2.10 | 0.92 | 3.68 | 0.18 | 0.15 
12.3 20 70 0.84 | 0.90 | 0.97 | 0.24 | 1.89 | 0.87 | 3.72 | 0.13 | 0.11 
Ilaa 12,000 8.9 15 70 0.04 | 0.11 0.25 | 0.31 0.19 | 0.71 | 3.23 | 0.14 | 0.33 
9.3 20 73 0.09 | 12 | 0.31 0.28 | 0.23 | 0.77 | 3.51 | 0.09 | 0.27 
| 
Ill 25,000 13.8 15 61 2.35 | 1.90 | 2.25 | 0.35 | 0.10 | 3.7 6.8 0.59 | 0.75 
| | | 
IV 28 ,000 14.8 15 67 1.31 | 1.01 6.9 2.07 | 0.49 | 2.05 | 7.8 0.47 | 0.66 






































* Method A of Satake and Luck (14). 
+ Different preparations were used; Pro. Arg was always absent. 


main component, Fraction IIb (about 40% of the whole histone), 
was hydrolyzed with S. griseus proteinase and the arginine and 
arginine peptides in the various hydrolysates (2.5 hours, 53% 
hydrolysis; 5 hours, 66%; 10 hours, 70%; 25 hours, 71%) were 
analyzed. The results, summarized in Table V, were qualita- 
tively very similar to those with the whole histone mixture, ex- 
cept that Arg.Arg.Arg was not detected in any hydrolysate; 
Ala(Ala, Pro, Arg), Ala. Thr. Arg, Gly.Arg, Ser. Arg, Arg. Lys, 
and Arg. Arg were found to be present in this component. 

The ratios of the amounts of these peptides were very close 
to integral numbers. The molecular weight of Fraction IIb had 
been estimated, from osmotic pressure, sedimentation, and the 
NH,-terminal content (phenylthiohydantoin technique (17, 18)), 
to be 18,000. The arginine content is 13.2 g per 100 g of pro- 
tein, thus indicating the presence of 14 arginine residues per 
mole, including 2 each of Ala.Arg (1.7 mole), Ser.Arg (2.0 
mole), and Arg.Lys (1.6 mole), and one each of Ala. Pro. Arg 
(1.0 mole),?7 Gly. Arg (0.9 mole), Ala. Thr. Arg (0.9 mole),’ and 
Arg. Arg® linkages in the molecule. 

The other arginine-rich histones (Fractions IIaa, IIa, III, and 
IV), none of which is quite homogeneous by NH:2-terminal 
analysis (alanine was the main end group but was contaminated 
by a small amount—10 to 30%—of proline or other amino acids) 
gave quite different arginine-peptide compositions as is shown 
in Table V. Thus Fraction III was rich in Pro. Arg and Arg.- 
Lys, and histone Fraction IV was very rich in Ala.Arg. These 
two histone fractions, which were eluted from the Amberlite 
IRC-50 column with much higher concentrations of guanidinium 


7 The value for Ala.Pro.Arg is the sum of the 25-hour values for 
Ala.Pro.Arg and Pro.Arg, the latter being a hydrolytic product of 
the former. Likewise, the corresponding value for Ala.Thr.Arg 
is the sum of Ala.Thr.Arg and Thr.Arg. 

’The remaining arginine was recovered as free arginine (4.4 
moles), which seemed to be derived mainly from Arg.Arg and from 
linkages other than those mentioned. 


chloride than histone Fraction IIb, have higher molecular 
weights than the latter. 

The difference in arginine-peptide composition suggests that 
Fractions IIb, III, and IV are largely independent (IIb rich in 
----Ser.Arg ---; III rich in ----Pro.Arg ----, and ---Thr.- 
Arg ----; and IV rich in ----Gly.Arg ---- and ----Ala.Arg 
--+-+) and are not derived from each other during the prepara- 
tion, unless complicated transpeptidations occur. The possi- 
bility that such transpeptidations take place cannot yet be ex- 
cluded and will continue to be a source of uncertainty until the 
transpeptidase activity of S. griseus protease has been ade- 
quately explored. However, it is possible that Fractions III 
and IV are contaminated in some cases with some Fraction IIb 
(possibly aggregated), since the yield of III and IV varies from 
one chromatographic “run” to another, and high yields of III + 
IV occur at the expense of Fraction IIb. 

According to Ui, about 60 to 80% of Ui’s arginine-rich histone 
changes readily into aggregates. In our own molecular weight 
studies by osmotic pressure we have observed some aggregation 
of Fraction IIb in phosphate buffer at pH 6.8 but not in acetate 
buffer at pH 4.7. Histone Fraction IV aggregates readily, even 
in the latter buffer; the molecular weight, measured in the ab- 
sence of guanidinium chloride, was about twice the value of 
28,000 obtained in the presence of 60% of this salt. 

The arginine-peptide composition of histone Fraction Ila, 
which seems to be contaminated with some IIb,® is indicated 
in Table V. From the molecular weight (15,000) and arginine 
content (12 to 13 g per 100 g of protein), this fraction seems to 
contain one each of the following sequences: Arg. Lys (0.9 mole), 
Ala. Arg (1.0 mole), Thr. Arg (0.9 mole), and Pro. Arg (1.0 mole). 
Present also are two Ser. Arg (2.1 mole) sequences. 

Histone Fraction Ilaa, which has the lowest arginine content 


® Histone Fraction Ila may be partially separated from IIb by 
fractional precipitation with ammonia. 








2808 


TaB.e VI 
Yield of arginine and arginine peptides from lysine-rich histones 
Analysis by Method c (see Table IV). 

















Peptide yield 
Lysine- Argini 
ich ae Hydrol Other 
histone content ene Gly. Ala. Ser. Free | 2=8!- 
Arg Arg Arg |arginine| ™!2°¢ 
pe 
tides 
2/100 g protein) hr | % of total moles/mole proteint 
Ia 
W 3.9 15 73 0.14 | 0.19 | 0.25 | 1.10 | 0.28 
1.5 3.6 15 75 0.17 | 0.25 | 0.38 | 0.97 | 0.05 
Ib 
WwW 3.1 15 75 0.10 | 0.27 | 0.08 | 0.91 | 0.18 
1.5 3.7 5 67 0.25 0.52 | 0.98 
15 79 0.04 | 0.82 | 0.07 | 0.93 | 0.03 





























* Method A of Satake and Luck (13). 
{+ Assumed mol. wt., 9000. 


(8.9 to 9.3 g per 100 g of protein) and molecular weight (12,000) 
among the arginine-rich histones, and which is eluted from the 
column just after the lysine-rich histones, gave Arg.Lys and 
free arginine as the main arginine-containing products of the 
proteinase hydrolysis. These facts suggest that the last two 
fractions, Ila and Ilaa, might be derived from Fraction IIb 
during the preparation, perhaps through an acid “denaturation” 
or a peptide ‘‘cleave-off” effected by a contaminating proteinase. 
But if so derived, it would be difficult to explain from gland to 
gland and from preparation to preparation the reproducibility, 
in yield” and composition, of these two fractions. 

Lysine-rich Histones—Lysine-rich histones, unlike arginine- 
rich histones, gave neither precipitates nor turbidity throughout 
the hydrolysis with S. griseus proteinase, although the hydrolysis 
time curves were not different from those of arginine-rich his- 
tones. In the case of Fraction Ib, prepared from histone sul- 
fate;.s, only Ala. Arg and free arginine, derived in equal amounts, 
were present as arginine-containing constituents of the hydroly- 
sate (see Table VI). If the molecular weight is assumed to be 
9000 (1, 2, 9), this main component of lysine-rich histone would 
have only 2 arginine residues per mole. As Ala.Arg and argi- 
nine, there were 0.82 to 0.93 moles. From a study of the ab- 
sorption spectrum, it is apparent that approximately 0.2 mole” 
of tyrosine is present per mole of Fraction Ib. This evidence 
rests upon the' molar extinction coefficient of Fraction Ib and 
the magnitude of the shift in the absorption maximum in alka- 
line solution (Amax at 278 my in neutral solution shifted to 293 
my in alkali) (9, 21). 

Histone Fraction Ib, prepared from histone sulfate W, yielded 
small amounts of Thr.Arg, Pro.Arg, Gly.Arg, and Ser.Arg, 
together with larger amounts of Ala. Arg (0.30 mole) and free 
arginine (0.91 mole) in proteinase hydrolysates. Such minor 
contaminants may be derived from Fraction Ix (see Fig. 1), 
which is less easily extracted from cell nuclei with acid and is 
almost. absent from histone sulfate:.s. 


10 In the three preparations in which yields from histone sul- 
fateo.; were calculated, the weight percentages of IIaa were 18.0, 
18.0, and 19.8, respectively. The yields for Ila were more vari- 
able. 

11 A higher tyrosine content (0.3 to 0.35 mole) was found in 
Fraction Ib from histone sulfate W. 
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In the case of Fraction Ia, prepared from histone sulfate; 
1 mole of free arginine, together with small amounts of Ser. Arg, 
Ala. Arg, and Gly.Arg, was present in the hydrolysate. The 
Ala.Arg might be a product of contamination by Fraction Ib, 
as the amount was quite variable (0.05 to 0.25 mole). From 
the molecular weight (presumably less than 10,000) and .the 
arginine content, Fraction Ia seems to have 1 to 2 moles of argi- 
nine residues per mole of protein. The fraction is still hetero- 
geneous and consists of at least two components.'? From the 
arginine-peptide analysis, Fraction Ia, prepared from histone 
sulfate W, is, as would be expected, somewhat more heterogene- 
ous. 

From these results, lysine-rich histone seems to be a mixture 
of at least three components. Whether or not these are each 
independently present in cell nuclei cannot be determined. It 
has been suggested to us that one or more of the lysine-rich 
fractions may arise by cleavage from the arginine-rich frac. 
tion (e.g. IIb) or from a precursor common to both fractions, 
This possibility cannot be completely excluded although it seems 
reasonably certain that Fraction IIb cannot itself be the pre- 
cursor of the principal lysine-rich Fractions (Ia and Ib). This 
conclusion rests upon the fact that 1 mole of Fraction IIb (ap- 
proximately 18,000 g) contains 19 moles of lysine and 16 moles 
of alanine, amounts that are inadequate to provide the 19 moles 
of lysine and 18 moles of alanine present in 1 mole (9000 g) of 
Fraction Ia (or the 20 moles of lysine and 18 moles of alanine 
present in 1 mole (9000 g) of Fraction Ib) and still leave the 
proper amounts of lysine and alanine in Fraction IIb. Wer 
several moles of Fraction IIb to serve as the precursor of Frac- 
tions Ia and Ib, there should be present in whole histone the 
other products of such cleavage and rearrangement, such as 
fractions unusually low in alanine and lysine and correspond- 
ingly richer in arginine. These we have been unable to find. 
We are aware that Crampton et al. (5), from the chromato- 
graphic variations in 3 out of 13 preparations, suggest that 
lengthy dialysis early in the procedure for preparing whole his- 
tone may permit degradative changes in the arginine-rich frac- 
tion. In our own procedure it should be noted that dialysis is 
applied only to the final eluates; the possibility of degradation is 
minimized. 

The evidence available to us does not point towards a com- 
mon precursor for the Fractions Ia, Ib, and IIb. If such were 
to exist, the fractions mentioned should be regarded as artifacts 
(products of enzymatic degradation during washing of the nuclei 
and isolation of the fractions). 


SUMMARY 


Histone fractions resolved by column chromatography on 
Amberlite IRC-50 were hydrolyzed with Streptomyces griseus 
proteinase, and the arginine and arginine peptides in the hy- 
drolysates were analyzed quantitatively. From these data, it 
is concluded that histone Fraction IIb, the principal component 
of the arginine-rich histones, is nearly homogeneous. The 


12 (Added in galley proof.) Fractions Ia and Ib have now been 
obtained histidine- and methionine-free. The histidine, formerly 
reported (1) as a constituent of unresolved Fraction I, is now found 
to be contained in a fraction (Iaa) which emerges slightly ahead 
of Fraction Ia during chromatographic resolution. It hitherto 
has been the principal contaminant of Ia. This new component, 
except in tyrosine content, approximates Fraction IIb in amino 
acid composition and is to be regarded as an arginine-rich fraction. 
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minor components of the arginine-rich histones, at least four 
in number, are still heterogeneous. The lysine-rich histone 
fraction, as isolated, consists of at least three components, each 
of which contains 1 to 2 arginine residues per mole. 

The arginine-rich histones contain either proline (IIb) or ala- 
nine (Ilaa, IIa, III, IV) in the NH:-terminal position. 


Acknowledgments—We are greatly indebted to Dr. D. M. P. 
Phillips for unpublished information pertaining to his experi- 
ments, and to Dr. Fu-Chuan Chao of this laboratory for kindly 
performing the ultracentrifugal analysis. We wish to express 
our gratitude to Dr. A. N. Tsvetikov and Mrs. Vera Kulakoff 
for their assistance in the preparation of histone, to Mrs. A. 
Satake for her assistance in spectrophotometric analysis of the 
column eluates, and to Dr. M. Nomoto of the Scientific Re- 
search Company, Tokyo, for the purified proteinase used in 
these experiments. 


REFERENCES 


1. Luck, J. M., Rasmussen, P.S., Saraxe, K., anp TsvETIKOV, 
A.N., J. Biol. Chem., 238, 1407 (1958). 

2. U1, N., Biochim. et Biophys. Acta, 22, 205 (1956). 

3. Ur, N., Bull. Chem. Soc. Japan, 30, 806 (1957). 

4. Butter, J. A. V., Davison, P. F., James, D. W. F., ann 
Suooter, K. V., Biochim. et Biophys. Acta, 18, 224 (1954). 

5. Crampton, C. F., Stern, W. H., anp Moors, §., J. Biol. 
Chem., 225, 363 (1957). 

6. Pottuips, D. M. P., anp Jouns, E: W., Biochem. J., 72, 538 
(1959). 


K. Satake, P. S. Rasmussen, and J. M. Luck 


2809 


7. Sasakawa, S., anp Sarakg, K., J. Biochem., Japan, 45, 867 
(1958). 

8. Sasakxawa, S., anD SaTake,, K., J. Biochem., Japan, 47, 672 
(1960). 

9. U1, N., Biochim. et Biophys. Acta, 25, 493 (1957). 


10. Mirsky, A. E., anp Pouuister, A. W., J. Gen. Physiol., 30, 
117 (1946). 

11. Nomoto, M., anp Naranasat, Y., J. Biochem., Japan, 46, 653 
(1959). 

12. Okuyama, T., AND SaTaks, K., J. Biochem., Japan, 47, 454 
(1960). 


12a. Satake, K., Okuyama, T., Onasnt, M., anp Surnopa, T., 
J. Biochem., Japan, 47, 654 (1960). 

13. Anpo, T., Isuiz, S., anp Kimura, M., Biochim. et Biophys. 
Acta, 31, 255 (1959). 

14. Satake, K., anp Luck, J.M., Bull. soc. chim. biol., 40, 1743 


(1958). 

15. Ozawa, H., Tamar, K., AND Satake, K., J. Biochem., Japan, 
47, 244 (1960). 

16. FRAENKEL-ConratT, H., Harris, J. I., anp Levy, A. L., in 
D. Guick (Editor), Methods in biochemical analysis, Vol. 2, 
Interscience Publishers, New York, 1955, p. 359. 

17. FrRamNKEL-Conrat, H., anp Sinasr, B., J. Am. Chem. Soc., 
76, 180 (1954). 

18. Coxz, R. D., Gescuwinp, I. I., anp L1, C. H., J. Biol. Chem., 
224, 399 (1957). 

19. Luck, J. M., Coox, H. A., Etprepas, N. T., Harey, M. L., 
Kupxg, D. W., anp RasmussEn, P.8., Arch. Biochem. Bio- 
phys., 65, 449 (1956). 

20. Puitups, D. M. P., Biochem. J., 68, 35 (1958). 

21. Goopwin, T. W., anp Morton, R. A., Biochem. J., 40, 628 


(1946). 








Tue Journat or Biotocica, CHEMISTRY 
Vol. 235, No. 10, October 1960 
Printed in U.S.A. 


Effect of Binding of Ions and Other Small Molecules 
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VII. 


THE ROLE OF ALIPHATIC ACID BINDING AND OF CONVECTION IN THE 


ELECTROPHORESIS OF SERUM ALBUMIN AT LOW pH* 
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Bovine serum albumin undergoes two electrophoretically dis- 
tinguishable types of interaction in acidic media (1). The first 
(1-6), which is also shown by ovalbumin, bovine -pseudoglobu- 
lin and oxidized ribonuclease, is observed only in media contain- 
ing acetate buffer (NaAc-HAc) or other carboxylic acid buffers. 
The various peaks shown by the electrophoretic patterns obtained 
in these media correspond neither to single stable protein com- 
ponents nor to single components involved in a slowly adjusted 
equilibrium as evidenced by the results of fractionation expeyi- 
ments (3, 6). Resolution of the peaks is intimately related to 
changes in conductance and pH produced in the Tiselius cell by 
the electrophoretic process. This should not be interpreted to 
mean that bovine serum albumin and other proteins do not 
undergo some interaction with these media; rather, it would 
appear that resolution of their electrophoretic patterns into 
multiple peaks results from coupling of such interactions with 
electrophoretic transport of the small ions of the solvent medium 
for the protein. The electrophoretic patterns have been inter- 
preted qualitatively in terms of reversible binding of undissoci- 
ated buffer acid by the protein with the assumption that the 
resulting protein-acid complexes have more positive electro- 
phoretic mobilities than the uncomplexed protein molecules 
(5, 6). This interpretation predicts that during electrophoresis 
the pH at certain levels in the Tiselius cell will change in such a 
manner as to induce a type of nonenantiography in the two pat- 
terns typical of that actually observed under a variety of experi- 
mental conditions. Furthermore, observed changes in pH are 
in the direction predicted by the model. Since it is assumed that 
protein-acid complexes exist in instantaneous equilibrium with 
uncomplexed protein molecules and undissociated buffer acid, 
the various peaks in the patterns should constitute a single re- 
action boundary in which a homogeneous phase cannot be gen- 
erated between any two peaks. Consequently, the protein 
gradient should not become zero between the peaks. Although 
this last prediction has been realized under a variety of conditions 
of buffer composition (see, for example, Fig. 2 (2); Figs. 1, 2, 
and 4 (3); and Fig. 2B (1)), the gradient does appear to become 
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National Institute of Allergy and Infectious Diseases of the 
National Institutes of Health, Public Health Service, and in part 
by the Damon Runyon Fund and the American Cancer Society. 
The author also wishes to thank Mr. Stanley Fisher for his techni- 
cal assistance. 


zero between the two peaks shown by the rising patterns of the 
protein in certain media, e.g. 0.01 m NaAc-0.05 m HAc (see Figs, 
1, 2, and 5 (3) and Fig. 2C (1)). The results of experiments 
described in the present communication show that this latter 
behavior is an artifact arising from convective disturbances in 
the Tiselius cell during the electrophoretic process. Realization 
of this fact resolves the apparent discrepancy which had existed 
between our model and the rising electrophoretic patterns actu- 
ally observed in certain media. This, in turn, gives confidence 
in the use of electrophoretic data for the computation of equi- 
librium constants for the binding of undissociated buffer acids to 
proteins. 

The second type of interaction of BSA! (but not ovalbumin) 
with acidic media has been described by Aoki and Foster (7-11). 
These workers found that the electrophoretic patterns of 0.2% 
BSA in 0.02 m NaCl-HCl and in 0.02 m NaAc-HAc show two 
peaks whose proportions depend upon pH. These observations 
have been interpreted in terms of a reversible, pH-dependent 
transformation (isomerization) of BSA between two states in 
which the protein molecule has different electrophoretic mobil- 
ities. Although the experiments of Aoki and Foster have been 
restricted to conditions of low protein concentration, Cann (1) 
has shown that with proper choice of electrolyte composition the 
isomerization reaction can also be observed at higher protein 
concentrations (0.4 to 1%). The fact that both the interaction 
of BSA with acetate buffer and the isomerization reaction can 
occur simultaneously in acetate-containing media of appropriate 
compositions has apparently led to a certain amount of con- 
fusion concerning interpretation of the electrophoretic patterns 
obtained in such media. During experiments designed to clarify 
this situation we observed for the first time that convective dis- 
turbances in the Tiselius cell play an important role in the elec- 
trophoresis of serum albumin at acidic pH’s. 


EXPERIMENTAL PROCEDURE 


Electrophoresis was carried out in the standard 11-cc Tiselius 
cell with the Spinco model H electrophoresis-diffusion instru- 
ment. Schlieren patterns were recorded photographically with 
the cylindrical lens optical system. In all schlieren patterns 
shown in the figures the apparent mobilities, u, were positive. 


1The abbreviations used are: BSA, bovine serum albumin; 
HSA, human serum albumin. 
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Values of 10° X u cm? sec~ volt, which at pH 4 vary in a com- 
plex fashion with the composition of the solvent medium (1), 
have been calculated but are given in only a few of the figures. 
In general these values cannot be placed in correspondence with 
mobilities, since large changes in conductance and pH occur in 
the electrophoresis cell during passage of the current (6). The 
BSA was Armour’s crystallized bovine plasma albumin, Lot 
No. T6820 U01. The human serum albumin (HSA) was Merck 
Sharp and Dohme’s 25% solution of HSA containing 0.02 m 
sodium caprylate and 0.02 m sodium acetyltryptophanate. Crys- 
talline ovalbumin was prepared by the method of Sorensen and 
Hgyrup (12). For experiments in buffered solutions, samples of 
protein were dissolved or diluted in buffer and then dialyzed 
against buffer in the cold for about 17 hours with one change of 
dialysate. In the case of unbuffered systems, samples of pro- 
tein in 0.02 Mm NaCl were adjusted to pH 4.0 with HCl and then 
dialyzed in the cold against 0.02 m NaCl-HCl, pH 4.0, with one 
change of dialysate. 


RESULTS AND DISCUSSION 


The electrophoretic patterns of 0.4% BSA in a series of pH 
40 media containing varying concentration of NaAc-HAc, the 
ionic strength being maintained constant at 0.02 m with NaCl, 
are presented in Fig. 1. It will be noted that the nature of the 
patterns depends upon the concentration of acetate buffer in the 
solvent medium for the protein. Those obtained in 0.02 m NaCl- 
HCl are similar to the patterns of Aoki and Foster except for the 
poor resolution of the descending boundary. (The enantiog- 
raphy of the patterns was not improved to any great extent by 
lowering the protein concentration to 0.2%. Evidence will be 
presented later in the paper for interpretation of these patterns 
in terms of a reaction boundary in which the gradient of protein 
concentration does not become zero between any two peaks.) 
Substitution of increasing amounts of NaAc-HAc for NaCl-HCl 
resulted in striking and progressive changes in the electrophoretic 
patterns, a behavior which has been described in detail pre- 
viously (1-6). Of immediate concern to this discussion is the 
evidence which these experiments afford for the importance of 
convective disturbances? to the interpretation of the electro- 
phoretic behavior of serum albumins at acidic pH’s. Whereas 
convective circulation in the Tiselius cell did not appear to occur 


? Convection in the Tiselius cell may manifest itself in one or 
more of the following ways (13, 14): the appearance of small, often 
transient spikes or pips in the electrophoretic patterns; the distor- 
tion of the normally smooth contours of broad boundaries into 
irregular, sawtooth contours; the hypersharpening of either the 
leading or trailing edges of boundaries; the erosion of the sides of 
boundaries as revealed by examination of the schlieren bands; or 
the production of small, often transient, spikelike phenomena in 
the Rayleigh interference fringes. Hypersharpening of either the 
leading or trailing edges of boundaries by convection should not 
be confused with sharpening due to gradients of pH and/or con- 
duetance across protein boundaries. This latter phenomenon 
and not convection accounts (6) for the sharpness of major, fast 
moving rising peaks and major, slow moving descending peaks 
shown by the patterns of BSA and other proteins in certain ace- 
tate-containing media. Consider, for example, the descending 
pattern in Fig. 1B (2). Whereas the hypersharpness of the trail- 
ing edge of the broad, fast moving peak is due to convection, the 
sharpness of the slow moving peak is due to gradients of pH and 
conductance. Gradients of pH and conductance also account for 
the sharpness of the major, slow moving descending peak in the 
patterns presented in Figs. 1, B and C, and 2, B and C of this paper 
bo of the major fast moving rising peak in Figs. 1C, 2, C, D, and 

, and 3. 
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Fig. 1. Electrophoretic patterns of 0.4% BSA in various solvent 
media at pH 4.0: A, 0.02 m NaCl-HCl; B, 0.001 m NaAc-0.005 m 
HAc-0.019 m NaCl; C, 0.002 m NaAc-0.01 m HAc-0.018 m NaCl; D, 
0.006 m NaAc-0.03 m NaAc-0.014 m NaCl; E, 0.01 m NaAc-0.05 m 
HAc-0.01 m NaCl; F, 0.02 m NaAc-0.1 m HAc. Temperature of 
electrophoresis was 1°. Electric field strength was about 8 volts 
cem™' except for F and A. In these latter two cases, the field 
strength was 12 and 4 volts em™, respectively. Bar angle was 
50° except for A, in which case the bar angle was 33°. 


during electrophoresis of BSA in 0.02 m NaCl-HCl, electropho- 
resis in acetate-containing media was complicated by such dis- 
turbances. Consider, for example, the patterns obtained in 
0.001 m NaAc-0.005 m HAc-0.019 m NaCl (Fig. 1B). The ir- 
regular contour of the leading side of the rising boundary is a 
characteristic manifestation of convective circulation. Con- 
vection was also observed in the descending limb of the cell. 
During early stages of electrophoresis there was a gradient of 
protein concentration between the sharp, slow moving descending 
peak and the broad, fast moving one. However, convective 
circulation between the peaks became evident in the form of 
transient pips during later stages of electrophoresis, and, as a 
consequence, the gradient of protein concentration which had 
existed in this region of the pattern was obliterated, i.e. the 
gradient curve went to the base-line between the peaks. Seri- 
ous convective disturbances were also observed in the rising, 
but not the descending, pattern obtained in 0.002 m NaAc-0.01 
M HAc-0.018 m NaCl (Fig. 1C). In fact, on prolonged electro- 
phoresis with back-compensation to increase the effective length 
of the electrophoresis channel, convection became so severe that 
it caused the gradient of protein concentration to become zero, 
at times, between the sharp, leading peak and the broad, trailing 
one. At still later times, the gradient was re-established but 
with many convective pips. Although convective disturbances 
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are not so evident in the patterns obtained in media containing 
still greater concentrations of acetate buffer, nevertheless, such 
disturbances were present. Thus, for example, examination of 
the Rayleigh interference fringe pattern revealed that during 
the first half of the electrophoresis experiment in 0.006 m NaAc- 
0.014 m NaCl there was a gradient of protein concentration 
between the constellation of fast moving peaks and the broad, 
slow moving peak shown by the rising pattern presented in Fig. 
1D. Eventually, however, this gradient was obliterated by 
convection. It is interesting that the gradient never became 
zero between the broad, slow moving peak and the 6-boundary. 
(The Rayleigh fringe pattern also indicated that there was a 
small gradient of concentration over much of the region between 
the descending moving boundary and the ¢-boundary, but this 
could have been caused by traces of slow moving protein con- 
taminants in our BSA preparation.) The rising pattern ob- 
tained in 0.01 m NaAc-0.05 m HAc-0.01 m NaCl (Fig. 1Z) shows 
evidence of convection in the form of a series of very small pips 
along the trailing edge of the constellation of fast moving peaks 
and the leading edge of the broad, slow moving peak. Finally, 
we have consistently observed, with both the cylindrical lens 
and Rayleigh interference optical systems, a gradient of protein 
concentration between the constellation of fast moving peaks 
and the broad, slow moving peak during early but not later stages 
of electrophoresis in 0.02 m NaAc-0.1 m HAc buffer (Fig. 1F) at 


12 



































8.9 r7 8 
A i he & ll 
s i 
J a 
B Aan ee E 
” oe 
err | 
C . hae 
' nay 
 ecabaca> | 
D C Poo “wees a 
uoo_ , 
a f — 
E 9.2 wr 7.0 «98 


Rising Descending 
Armee a 


Fig. 2. Electrophoretic patterns of 0.4% HSA in various solvent 
media at pH 4.0: A, 0.02 m NaCl-HCl; B, 0.001 m NaAc-0.005 m 
HAc-0.019 m NaCl; C, 0.002 m NaAc-0.01 m HAc-0.018 m NaCl; 
D, 0.004 m NaAc-0.02 m HAc-0.016 m NaCl; EZ, 0.02 m NaAc-0.01 
m HAc. Temperature of electrophoresis, 11.3°; electric field 
strength in the range 2.9 to 4.3 volts cm~!. Bar angle was 50°. 
Experiments A, C and D were repeated at 1° at a field strength of 
3.9 to 4.2 volts cm™! with results practically identical with those 
obtained at 11.3°. 
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both 12 and 6 volts cm-!. Very small convective pips some. 
times developed in the extreme trailing edge of the constellation 
of fast moving peaks during the later stages of electrophoresis, 
These results indicate that the electrophoretic patterns of 0.4% 
BSA at pH 4 should be interpreted in terms of reaction bound. 
aries, modified in most cases by convection. 

As shown in Fig. 2, similar results have been obtained with 
HSA. Convection was not observed during electrophoresis in 
0.02 m NaCl-HCl at 11.3°, although minor disturbances were 
observed between the 6-boundary and the moving boundary iq 
the experiment at 1°. The resultant patterns (Fig. 2A) definitely 
appear to be interpretable in terms of reaction boundaries ‘as 
evidenced by the fact that the gradient curve is elevated well 
above the base-line between the two major peaks shown by both 
patterns. In all of the experiments carried out in acetate-con- 
taining media (with the one exception of 0.02 m acetate buffer 
(Fig. 2#)) the gradient curves were elevated above the base-line 
all the way from the 6- or e-boundary to the leading edge of the 
fastest moving rising peak or the front of the broad descending 
boundary. Serious convective disturbances were observed in 
media of low acetate concentration (Fig. 2, B and C) but not at 
high concentrations. (There was an indication of convection 
between the two fastest moving peaks shown by the rising pat- 
tern in Fig. 2H.) The rising pattern obtained in 0.004 m NaAe- 
0.02 m HAc-0.016 m NaCl (Fig. 2D) is particularly striking in 
that the whole pattern appears to be a reaction boundary ap- 
parently undisturbed by convection in which a homogeneous 
phase was not generated between any two peaks of the pattem 
during the electrophoretic process. 

In contrast to the results obtained in the present study with 
0.4% BSA, our previously published patterns of 1% BSA in 
various acidic media gave little, if any, evidence of convection 
(see, for example, Fig. 2 (1)) except in the case of two patterns 
obtained at pH 4.7 (Fig. 1, A and B (2)). It should be noted 
that the present work was done with the Spinco electrophoresis 
cell whose cross-sectional area is greater than the Perkin-Elmer 
cell used in our previous work. These cells must certainly have 
different characteristics of heat dissipation and electro-osmotic 
flow and, consequently, it may not be justifiable to compar 
convection in the two cells. In any event, the rising pattem 
shown by 1% BSA in 0.01 m NaAc-0.05 m HAc, pH 4.0, in the 
Perkin-Elmer cell is curious in that the gradient of protein con- 
centration becomes zero between the sharp, fast moving peak 
(which eventually resolves into two or three sharp peaks of sim- 
ilar apparent mobility) and the broad, slow moving one; despite 
the fact that fractionation experiments established that the two 
peaks constitute a reaction boundary in which the gradient 
should not become zero (3, 6). The results presented above 
suggest that although the gradient curve may be elevated above 
the base-line between the peaks during early stages of electro- 
phoresis, this gradient eventually is obliterated by mild convec- 
tive circulation in that region. Indeed, this has now been shown 
to be the case. Electrophoresis in the Spinco cell revealed that 
as the two peaks in the reaction boundary separate and the te 
fractive index gradient in the intervening zone decreases, a situ- 
ation is reached in which the accompanying vertical density 
gradients can no longer support convection-free electrophoresis 
and localized circulation then ensues. With a protein concen- 
tration of 1%, circulation appeared at a relatively early stage of 
electrophoresis and obliterated the gradient of protein concen- 
tration between the two peaks. In contrast, circulation ap 
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peared at a relatively late stage of electrophoresis of a 3% protein 
solution and was not sufficiently strong to obliterate the gradient, 
although it did cause erosion of the schlieren bands. (Elevation 
of the gradient curve above the base-line between the peaks was 
barely discernible in the cylindrical lens pattern during later 
stages of electrophoresis, but the Rayleigh fringe pattern left 
no doubt that such a gradient did indeed exist.) It is concluded, 
therefore, that the peaks shown by the rising pattern of BSA 
in 0.01 mM NaAc-0.05 m HAc in both the Spinco and Perkin-Elmer 
cells constitute a reaction boundary but that the gradient of 
protein concentration between the peaks may become zero as a 
result of convective circulation of solution in this region of the 
cell. Similar results have been obtained with ovalbumin in the 
same solvent. 

As mentioned at the beginning, these results resolve the ap- 
parent discrepancy which had existed between our explanation 
of the electrophoretic patterns of BSA and other proteins in 
acetate-containing media and the nature of the rising patterns 
obtained in certain of these media. They also permit a more 
detailed description of the patterns than has previously been 
possible. Thus the bracket, -—, above a given pattern in Figs. 
1 and 2 indicates that portion of the pattern which is a reaction 
boundary, modified in many instances by convective disturb- 
ances. The reaction boundary arises as a result of interaction 
of the protein with undissociated buffer acid‘ and, in the case of 
some but not all rising patterns, possesses a fine structure re- 
sulting from the superimposed isomerization reaction. In the 
case of the rising patterns shown in Fig. 1, B and C, and Fig. 2D, 
the gradient curve is elevated above the base-line over the entire 
reaction boundary despite the convection shown by the first 
two patterns. However, the gradient curves obtained in other 
acetate-containing media are sufficiently perturbed by convection 
to coincide with the base-line between some of the peaks com- 
prising the reaction boundary. Consider, for example, the rising 
pattern shown in Fig. 1H. Although the whole pattern is with- 
out question a reaction boundary, the gradient of protein con- 
centration becomes zero in the region between the constellation 
of three fast moving peaks and the broad, slow moving peak. 
In the absence of convective circulation in this region of the cell, 
one would expect to obtain a pattern similar to that shown by 
the solid-line curve in Fig. 3; but because convective circulation 
does occur, the gradient becomes zero and the pattern takes on 
the appearance of the broken-line curve of Fig. 3. Similar argu- 
ments apply to other patterns of Figs. 1 and 2. 

Let us now turn our attention to the fine structure of the re- 


* The finding that the reaction boundaries of BSA in acetate- 
containing media may be modified by convection in no way invali- 
dates our previous interpretation of these patterns. Convection 
can account for neither the bimodality of the reaction boundaries 
nor the growth of the area sustained by the fast peak at the 
expense of the slow one when the concentration of acid is in- 
creased. This is clear from our experiment on 1% BSA in 0.01 m 
NaAc-0.05 m HAc, in which the sharp, fast moving peak and the 
broad, slow moving one were already well separated before convec- 
tion ensued and obliterated the protein gradient in the interven- 
ing zone. This observation together with measurements on the 
pH and conductance of the intervening phase (6) show that the 
fast moving peak is sharpened by pH and conductance gradients 
and not by convection. Similar arguments apply to our descend- 
ing patterns. 

‘In two of our early papers (3, 4) the term, “‘isomerization,”’ 
was used incorrectly to describe the interaction of BSA and oval- 
bumin with acetic acid. 


J. R. Cann 
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Fic. 3. Diagrammatic representation of an ideal, rising reac- 
tion boundary, solid-line curve; and a reaction boundary modified 
by convective circulation, broken-line curve. The bracket indi- 
cates the reaction boundary arising from interaction of the pro- 
tein with acetate buffer and the brace, the fine structure resulting 
from the superimposed isomerization reaction. 


action boundary attributable to the isomerization reaction 

studied by Aoki and Foster (7-11) and indicated by a brace, ~—, 

in Figs. 1 and 2. The simplest situation, of course, is the one 

presented. by the electrophoresis of BSA and HSA in 0.02 m 

NaCl-HCl, pH 4.0. The pattern obtained in this medium con- 

sists of several moving peaks which constitute a reaction bound- 

ary arising solely from the isomerization reaction. In contrast, 

the electrophoretic behavior shown in acetate-containing media 

is considerably more complex. In fact, it is impossible to as- 

cribe any one portion of the patterns obtained in 0.001 m NaAc- 
0.005 m HAc-0.019 m NaCl and.0.002 m NaAc-0.01 m HAc-0.018 
M NaCl to a given type of interaction, the whole pattern reflect- 
ing the interplay of the interaction of protein with undissociated 
acetic acid and the isomerization reaction. On the other hand, 
when the concentration of acetate buffer in the solvent medium 
for the protein is increased, it becomes possible to ascribe the 
fine structure of a portion of the pattern to the isomerization 
reaction. Thus, for example, although the entire rising pattern 
shown in Fig. 1 is a reaction boundary arising from the inter- 
play of the interaction with acetate buffer and the isomerization 
reaction, the constellation of the three fast-moving peaks indi- 
cated by the brace is within itself interpretable in terms of the 
isomerization reaction alone. In the case of a protein such as 
ovalbumin which does not show the isomerization reaction, the 
pattern obtained at the same concentration of acetate buffer is a 
reaction boundary, which arises solely from the interaction of 
ovalbumin with undissociated acetic acid‘ and is comprised 
simply of a single, sharp, fast moving peak and a broad, slow 
moving peak. In other words, the pattern is similar to that of 
BSA but lacks the fine structure which we have come to associate 
with isomerization. (Compare the pattern of ovalbumin pre- 
sented in Fig. 7A (3) with the pattern of BSA obtained at the 
same protein concentration in Fig. 1 (1).) At much higher con- 
centrations of acetate buffer, e.g. 0.1 m NaAc at pH 4, the pat- 
tern of BSA is a reaction boundary® attributable entirely to the 
isomerization reaction, all of the protein apparently being in the 
form of protein-acid complexes (6). These considerations should 
clarify the apparent confusion which has arisen concerning in- 
terpretation of the electrophoretic patterns of serum albumin in 
acetate-containing media. 

It is asserted above that the constellations of fast moving peaks 
indicated by the braces in Figs. 1 and 2 are within themselves 
interpretable as isomerization-reaction boundaries and that the 
peaks shown by the patterns of serum albumin in 0.02 m NaCl- 
HCl, pH 4.0, constitute an isomerization-reaction boundary in 


5 Unpublished experiments of the author. 
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Fig. 4. Electrophoretic patterns of BSA at pH 4.0: A, 0.2% 
protein in 0.02 m NaAc-0.1 m HAc after 235.4 minutes of electro- 
phoresis at a field strength of 5.8 volts cm; B, pattern shown by 
the constellation of peaks indicated by the brace in A after an 
additional 480.2 minutes of electrophoresis at 11.6 volts cm™ with 
back-compensation; C, pattern of 0.4% protein in 0.02 m NaCl- 
HCl after electrophoresis at 4.0 volts cm™ for 773.8 minutes, the 
last 402.3 minutes of which were conducted with back-compensa- 
tion. (Compare with Fig. 1A which is the pattern obtained after 
371.4 minutes of electrophoresis without back-compensation.) 


Pattern A was photographed at a bar angle of 28°; B, 19.6°; and 
C, 33°. Temperature of electrophoresis was 1°. 





which the gradient of protein concentration does not become 
zero between the peaks. This assertion is supported by experi- 
ments in which BSA in either 0.02 m NaCl-HCl or 0.02 m NaAc- 
0.1 m HAc was subjected to prolonged electrophoresis with back- 
compensation of the solution in the rising limb of the Tiselius 
cell in order to increase the effective length of the electrophoresis 
channel. The resulting patterns are presented in Fig. 4. (Only 
the constellation of fast moving peaks is observed after prolonged 
electrophoresis in acetate buffer, the small slow moving peak 
having been compensated out of the rising limb of the cell.) It 
will be noted that the gradient of protein concentration never 
became zero between any two peaks despite prolonged electro- 
phoresis. Although this is strong evidence for a reaction bound- 
ary, it must be borne in mind that electrophoresis with back- 
compensation is not entirely comparable to the usual static 
method of electrophoresis. In particular, incomplete drainage 
and mixing within the pattern of peaks may be of importance 
in the former method. Mixing of solution within the pattern 
could conceivably prevent the gradient from becoming zero be- 
tween the peaks. 

Quantitative interpretation of the electrophoretic patterns 
shown by proteins in acetate-containing media at pH 4.7 and be- 
low presents a difficult problem. However, Gilbert and Jenkins 
(15) have recently made an important contribution to its even- 
tual solution in their theoretical study of the electrophoretic 
behavior of the interacting system of macromolecular ions, A + 
B=C. They mention that their theory can be readily extended 
to the case in which one of the reactants is a constituent of the 
solvent medium for the macromolecular ion, e.g. undissociated 
buffer acid; and from my correspondence with Dr. Gilbert, I 
conclude that it is his intention to apply their theory to our 
results. Another possible approach to this problem is to use the 
concepts of the theory of weak-electrolyte moving boundaries 
(16, 17) to compute the equilibrium constants for binding of 
undissociated buffer acids to proteins. In applying these ideas 





Electrophoresis of Serum Albumin at Low pH. VII 





Vol. 235, No. 19 


it will be assumed that the protein molecule, P, binds undisgo- 
ciated acid, HA, according to the reaction equation, 


P + nHA = P(HA), (1) 


From the mathematical definitions (17) of the constituent con- 
centration and constituent mobility of the protein in the dialyzed 
solutions used in our electrophoretic experiments, the following 
expression was derived for the equilibrium constant, K of Reac- 
tion 1: 


lp — up 
K = — 


at tip) 
Misa UP(HA), — UP. 


(2) 


where mua is the molar concentration of free buffer acid; ip, the 
constituent mobility, i.e. average mobility, of the protein; up, 
the mobility of the uncomplexed protein molecules; and up), 
the mobility of the protein-acid complex. Thus, the equilib. 
rium constant can be evaluated from appropriate mobility data 
if it is assumed that the free concentration of acid in the dialyzed 
protein solution is equal to the concentration of acid in the buffer, 
The value of n is chosen so as to make K constant. 

The various electrophoretic mobilities were evaluated as 
follows: 

Consider the systems of boundaries which should be obtained 
on electrophoresis of an interacting protein solution such as that 
described above. As previously, the mobility of the protein 
acid complex is assumed to be greater than that of the uncom- 
plexed protein. When the electric field is applied the complexes 
in the descending limb of the Tiselius cell will migrate into the 
original equilibrium mixture. The uncomplexed protein mole. 
cules left behind will react instantaneously with acid to re 
establish equilibrium thereby increasing the pH in that region. 
Since the rear portion of the boundary migrates in the original, 
lower pH buffer, the back of the boundary will sharpen. Thus, 
the descending reaction boundary should be bimodal. The slow 
moving peak will be sharp and the fast one, broad. In the rising 
limb of the cell, the rapidly migrating complexes move out of the 
original equilibrium mixture into fresh buffer. In order to re 
establish equilibrium, a fraction of the complexes will dissociate 
instantaneously to liberate acid which lowers the pH behind the 
leading edge of the boundary so that the front of the boundary 
will sharpen. The slower moving protein molecules at the rear 
of the reaction boundary migrate into the zone of lower pH and 
are accelerated. Consequently, the rising reaction boundary 
should also be bimodal. In this case, however, the fast moving 
peak is sharp whereas the slow moving one is broad. This type 
of behavior is typical of the patterns shown by proteins in media 
containing the appropriate concentration of buffer. At higher 
concentrations of buffer, the descending reaction boundary is 
broad although usually still bimodal whereas the rising boundary 
shows either a sharp, fast moving peak or a constellation of fast 
peaks and a broad, slow moving one, e.g. Fig. 1F. These latter 
conditions are suitable for determination of the mobilities r- 
quired for evaluation of the equilibrium constant for the binding 
of undissociated buffer acid by protein. Assuming that the 
centroids of the reacting constitutents remain congruent as the 
descending boundary spreads, the mean mobility of this boundary 
can be taken as equal totip. Since the leading edge of the rising 
reaction boundary advances at a rate determined by the mobil- 
ity of protein-acid complexes, the apparent mobility of the sharp 
rapidly moving peak (or the average mobility of the constellation 
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TABLE I 
Equilibrium constants for binding of undissociated aliphatic acids to proteins at 0° 
A. BSA 
lit a le~” K 
a Protei zi at iter” mole~ Ko 
Buffer eT we Kip | a Ny | x wistaccs | a. 
} a= 2 n= 2.5 n=3 
ai gm/100 ml cm? sec volt | 
0.01 m NaAc-0.05 m HAc, pH 4.02 1 oo8> | -- 2:38 |) Se Ne 10? | 2.3 X 10? | 10 X 10° 22 
0.02 m NaAc-0.10 m HAc, pH 3.97 0.4 5.87 1.44 | 6.47 | 7 10? | 2.8 10? | 7.4 xX 108 
B. 1.3 Ovalbumin 
| cid K 
Buffer* | 10° X Up | 10° X up 10° X Upaadn liter ‘enter? or: 
= eRe | 
cm? sec™ volt 
0.01 m NaAc-0.050 m HAc-0.03 m NaCl, pH 4.004 3.63 1.28 4.73° 43 4.70 
0.01 m NaPr-0.072 m HPr-0.03 m NaCl, pH 3.91 4.00 | 1.34 5.03¢ 36 4.76 
0.01 m NaVa-0.063 m HVa-0.03 m NaCl, pH 4.00 | 3.93 | 1.46 4. 82¢ 44 4.80 
0.04 am NaFo-0.023 m HFo, pH 4.00 ga” | 4.70 89 3.76 
0.04 m NaMeoAc-0.014 m HMeoAc, pH 3.98 4.21 2.84 5.14/ 110 3.51 











« The following symbols are used to designate the various acid anions: Ac, acetate; Pr, propionate; Va, valerate; Fo, formate; MeoAc, 


methoxyacetate. 


’ Corrected for measured change in conductance across boundary. 

¢ The apparent ionization constants were computed from the pH and composition of the buffers used in these experiments. 

¢ Errata to Fig. 1 of Reference 3: The apparent mobilities of the two rising peaks shown by ovalbumin in 0.01 m NaAc-0.050 m HAc- 
0.03 mM NaCl have the values, 1.28 + 0.07 X 10-5 and 5.40 + 0.06 X 10-5 cm? sec™ volt=!. 

¢ Corrected by assuming conductance change across boundary is the same as in the case of acetate buffer. 

/ Corrected by assuming conductance change across boundary is the same as in the case of formate buffer. 


of fast peaks) can be placed into correspondence with upaa),, 
after correction for the change in conductance across the peak 
(or constellation of peaks). The value of the apparent mobility 
of the broad slow moving rising peak should be a good approxima- 
tion to up. 

A constant value of the equilibrium constant for the binding 
of undissociated acetic acid to BSA, Table 1A, was obtained by 
assigning the fractional value of 2.5to n. This suggests hetero- 
geneity of the protein with respect to acid binding; and, in fact, 
it is conceivable that the different isomeric forms of BSA bind 
different numbers of acetic acid molecules. The small number of 
acid molecules bound per molecule of protein suggests a highly 
specific type of interaction. In this regard it is interesting that 
BSA contains (18) 2 tryptophan residues per mole (no hydroxy- 
proline or hydroxylysine; 1, cysteine; 4, methionine; and 14 to 
78 each of all other residues) and that in acetate buffer at pH 4.7 
tryptophan forms an insoluble, unimolecular addition compound 
with acetic acid which readily dissociates to yield the pure amino 
acid (19). An intrinsic association constant, Ko, for the binding 
of undissociated acetic acid to BSA was calculated from the 
equilibrium constant by assuming that all of the acid-binding 
sites on the protein molecule have the same intrinsic affinity for 
acid. The calculated value, 22, is of the same order of magnitude 
as the values of Ko for the binding of acetate anion at pH 9.1 as 
determined by Teresi and Luck (20) with the method of equilib- 
rium dialysis. This, however, is the only similarity between the 
two reactions. Whereas BSA binds only 2 or 3 moles of acetic 
acid, it can bind 32 moles of acetate anion. 

These calculations assume that the electrophoresis of BSA in 


acetate buffer is ideal except for the acid-protein interaction 
However, the measured changes in pH and conductance across 
the various peaks in the reaction boundary show that the elec- 
trophoresis is actually nonideal. The nonideality also becomes 
apparent when one compares the measured areas of the rising 
peaks in the electrophoretic pattern with theoretical areas com- 
puted from the equilibrium constant. In the case of the pattern 
shown in Fig. 1/’, the computed value of the relative area of the 
slow moving peak, 12%, is only about two-thirds of the measured 
value, 19%. 

Equilibrium constants have also been evaluated for the binding 
of various aliphatic acids by ovalbumin. Comparison of the last 
two columns in Table IB reveals a correlation between the 
equilibrium constants and the ionization constants of the buffer 
acids. In general, the stronger the acid, 7.e. the less negative 
the effective charge on the carboxyl oxygens, the greater the 
tendency to bind. (The general picture is not changed by assum- 
ing values of n greater than 1). This would seem to eliminate 
the possibility that the undissociated acid binds to the protein 
by means of formation of double hydrogen bonds of the acetic 
acid dimer type. This type of bonding would be weakened by 
any structural change which tends to make the effective charge 
on the carboxyl oxygens of the buffer acid less negative. Thus, 
for example, formic acid is dimerized to a lesser extent than is 
acetic acid both in the vapor state and in benzene solution (21, 
22). On the other hand our data are consistent with the idea 
that the undissociated buffer acid binds to the protein by means 
of formation of a single, heterologous hydrogen bond with the 
carboxyl group of the acid serving as the donor and a protein 
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grouping as the acceptor. This type of bond should be strength- 
ened by structural changes in the acid which tend to make the 
effective charge on its carboxyl oxygens less negative. Our 
equilibrium constants are perhaps larger than one might expect 
for such a bond, but factors such as the low dielectric constant 
of the cavity formed by the protein molecule in the solvent should 
act to increase the strength of the bond. In any event, the most 
logical type of binding force to postulate for the combination of 
a neutral molecule such as formic acid with a protein is a hydro- 
gen bond. 

Finally, the question arises as to the cause of the convective 
disturbances frequently observed during electrophoresis of serum 
albumin in acetate-containing media, but generally not in NaCl- 
HCl. To arrive at a satisfactory answer to this question it is 
necessary to evaluate the relative importance of the several 
possible causes of circulation of liquid in the electrophoresis 
channel (13). Although all of our experiments were conducted 
at an electric field strength less than the value generally accepted 
as the maximal permissible one for avoidance of serious disturb- 
ances due to Joule convection arising from dissipation of heat 
generated by the passage of current, it may be presumed that 
some Joule circulation, nevertheless, occurred in the regions of 
the channel between boundaries. Whether or not such circula- 
tion would cause significant perturbations in the electrophoretic 
pattern depends upon the magnitude of the vertical density 
gradients accompanying the solute gradients. It must be con- 
cluded that these gradients are usually sufficiently strong in the 
case of albumin in NaCl-HCl to prevent significant disturbances 
in the electrophoretic patterns. In contrast to other aqueous 
solutes, acetic acid contributes relatively little to the stabilization 
of vertical density gradients and, consequently, Joule convection 
might be more pronounced in NaAc-HAc than in NaCl-HCl. 
However, before deciding upon the contribution of Joule convec- 
tion to the disturbances observed in acetate-containing media, it 
is first necessary to explore the possibility that inverted vertical 
density gradients are sometimes produced by electrophoresis in 
these media. 

Electrophoresis could conceivably produce inverted density 
gradients by means of at least three mechanisms. The first 
would be operative only in those cases in which the solvent for 
the protein contains the three salt ions, Na+, Cl- and Ac-. 





Fig. 5. Rising electrophoretic pattern of 1.3% ovalbumin in 
0.005 m NaAc-0.025 m HAc-0.021 m glycine-0.034 m NaCl, pH 3.97. 
The vertical arrow points toward the inverted refraction index 
gradient. An almost identical pattern was obtained in 0.003 m 


NaAc-0.015 m HAc-0.037 m NaCl. 





Electrophoresis of Serum Albumin at Low pH. 


VII Vol. 235, No. 10 
Electrophoresis in such a solvent may give rise to a “false” 
boundary® across which no ions disappear (23). The possibility 
that the very small “false’’ boundary is accompanied by an 
inverted density gradient which causes convection appears to 
have been eliminated by computations with the Dole theory (23) 
on a model system of boundaries. Another source of inverted 
density gradients might reside in the changes in pH and con- 
ductance which occur at certain levels in the channels of the 
Tiselius cell during electrophoresis. Convection resulting from 
such inverted gradients is called Kohlrausch convection. This 
possibility was tested by computing the values of the Kohlrausch 
regulating function’ for the various electrophoretically generated 
phases from measured values of their pH and conductivity. In 
each case examined, the regulating function of the dialyzed pro- 
tein solution was greater than that of the buffer which indicates 
that Donnan equilibrium had provided proper solutions for 
formation of the initial boundary. However, subsequent passage 
of current may generate phases in the descending channel with 
inverted values of the regulating function. Thus, in the case of 
3% BSA equilibrated against 0.0008 m NaAc-0.004 m HaAc- 
0.0092 m NaCl, pH 4.1 (Fig. 7 (6)) the value of the regulating 
function for the phase between the descending slow moving sharp 
peak and the fast moving broad peak is about 25% greater than 
that of the dialyzed protein solution beneath the fast moving 
peak. This is a gravitationally unstable condition, and Kohl- 
rausch convection should occur in the zone between the two 
descending peaks. Convective disturbances have, in fact, been 
observed in this region of the descending channel at such low 
acetate concentrations (Fig. 1B) and at higher concentrations at 
pH 4.7 (Fig. 1B (2)). The situation is different in the rising 
channel. Thus, with both 3% BSA in 0.01 m NaAc-0.05 m HAe 
and 0.4% BSA in 0.02 m NaAc-0.1 m HAc, the regulating fune- 
tion of the phase between the slow moving rising peak and 
constellation of fast peaks was less than that of the underlying 
solution and essentially the same as that of the overlying buffer. 
Of course, there is the possibility that the electrophoretic process 
attempts to generate localized inverted protein gradients in the 
rising channel as a result of the interaction of protein with acetic 
acid. Gilbert and Jenkins (15) in their theoretical treatment of 
the electrophoresis of interacting systems have shown that under 
certain conditions inverted peaks may be generated in the rising 
channel (Fig. 6b (15)). In the absence of stabilization by a 
superimposed density gradient of opposite sense, convection 
would occur in practice and the theoretical patterns would not 
be realized. Re-examination of the electrophoretic patterns 


6 The possibility that one of the peaks in the reaction bound- 
aries shown by proteins in acetate-containing media is a ‘‘false”’ 
boundary has previously been eliminated (3). 

7 The Kohlrausch regulating function, w, is defined as 


Y 

C; 

o= p wiped 
: 


where C; and r; are the equivalent concentratior ard relative 
mobility, respectively, of the jth ionic constituent of a given 
phase (13). The relative mobilities of the various ionic constitu- 
ents of a phase are obtained by dividing the set of mobilities by 
the absolute value of any one member of the set. Of two phases 
with different values of the regulating function the phase having 
the greater value usually is the more dense one. Whereas a sta- 
tionary boundary must have unequal values of the regulating 
function in the two adjoining phases for its existence, a stable 
moving boundary must have equal values of the function in the 
adjoining phases. 
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obtained in our past experiments has revealed two instances in 
which the refractive index gradient was actually inverted imme- 
diately beneath the most rapidly migrating rising peak shown 
by ovalbumin in media containing moderately low concentrations 
of acetate buffer (Fig. 5). (A suggestion of an inverted gradient 
was also found in one experiment with BSA.) A possible ex- 
planation of the inverted refractive index gradient is that a 
localized inverted gradient of protein concentration is stabilized 
by an opposing gradient of salt concentration. This would be 
a rare event; and, in general, any attempt by the electric current 
to generate an inverted gradient of protein concentration will 
result in convection. 

The above considerations indicate that convection in the rising 
channel of the Tiselius cell is caused to a large extent by the fact 
that the electric current tries to generate localized inverted 
gradients of protein concentration. On the other hand, inverted 
density gradients accompanying gradients of pH and conduct- 
ance appear to be major causes of the convection observed in 
the descending channel at low concentrations of acetate buffer. 
Electro-osmotic flow and Joule circulation are undoubtedly 
superimposed on these phenomena. Since electro-osmotic flow 
is polarized with respect to the direction of the electric field 
relative to gravity, it would tend to increase Joule circulation in 
one of the channels and suppress it in the other. This could 
account for the fact that convection is often observed to occur 
in the rising but not in the descending channel. 


SUMMARY 


The various peaks in the electrophoretic patterns of serum 
albumin and ovalbumin in acidic media constitute a single reac- 
tion boundary modified in some instances by convective disturb- 
ances. In the case of serum albumins in acetate-containing 
media, the reaction boundaries arise as a result of interaction of 
the protein with undissociated buffer acid, and, in some but not 
all rising patterns, possess a fine structure due to the super- 
imposed isomerization reaction. At sufficiently high concentra- 
tion of acetate buffer, 0.1 mM, the pattern of bovine serum albumin 
is a reaction boundary attributable entirely to the isomerization 
reaction. The reaction boundaries of ovalbumin in acetate- 
containing media arise solely from interactions of the protein 
with undissociated buffer acid. The patterns shown by the 


J. R. Cann 





2817 


serum albumins in NaCl-HCl, pH 4.0, are isomerization-reaction 
boundaries in which the gradient of protein concentration does 
not become zero between any two peaks. 

Equilibrium constants for the binding of undissociated buffer 
acids by bovine serum albumin and ovalbumin have been com- 
puted from mobility data. 
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The ultraviolet absorption maxima of proteins undergo shifts 
to shorter wave lengths and slight decreases in intensity (1, 2) 
when the secondary and tertiary structures of the molecules are 
disrupted. In the interpretation of this effect attention has 
been directed particularly to the tyrosyl side chains, because of 
the possible contribution of their phenolic hydroxyl groups to 
the stability of the tertiary structure of proteins via hydrogen 
bonding. In 1943, Crammer and Neuberger (3) ascribed the 
abnormally high pK,’ values of certain of the phenolic groups of 
ovalbumin to ion-dipole bonding to carboxylate groups, citing 
salicylic acid as an example of a compound showing such bonding. 
The titration of ovalbumin shows that there are as many abnor- 
mally strong carboxyl groups as there are abnormally weak 
phenolic groups (4), which can be taken as supporting evidence 
of this hypothesis. Laskowski, Scheraga, and their co-workers 
(5-8) have obtained spectrophotometric data which are regarded 
as evidence for the existence of hydrogen bonds or ion-dipole 
bonds to tyrosyl groups in a number of proteins. The spectral 
shifts observed for insulin (5) and ribonuclease (6) on acidification 
have been ascribed to the rupturing of tyrosyl-carboxylate bonds, 
whereas those resulting from the dissolution of fibrin clot have 
been ascribed to the rupturing of tyrosyl-imidazole hydrogen 
bonds (8). The hypothesis of such secondary bonding of tyrosyl 
residues, particularly with carboxylate groups, has been widely 
accepted (2, 9-12). 

Wetlaufer (13) has shown that urea and sodium acetate 
cause small long wave shifts of the spectrum of phenol in aqueous 
solution. Similar effects of urea and acetate on the spectrum 
of N-acetyltyrosine ethyl ester have been attributed to secondary 
bonding to tyrosyl phenolic groups (7). However, Wetlaufer 
et al. (14) have shown that similar shifts in the spectra of O- 
methyltyrosine and tyrosine are produced by urea and acetate. 
Since O-methyltyrosine cannot serve as a hydrogen donor in 
forming hydrogen bonds or ion-dipole bonds, these shifts have 
been attributed by Wetlaufer et al. to less specific interactions, 
and it has been postulated that the tyrosyl absorption of proteins 
may be affected by neighboring ions and dipoles. 

More recently, spectral changes arising from the phenylalanyl 
and tryptophy] residues have received attention (15, 16). Dono- 
van et al, (15) have postulated that modification in the absorp- 
tion of these residues in proteins may be produced by neighbor- 
ing charges. 

The hypothesis of tyrosyl-carboxylate bonding does not 
explain the changes in the tyrosyl absorption of pepsin (16) and 
bovine serum albumin on acidification (17); these will be dis- 


* Communication No. 172 from the Central Research Labora- 
tories. 


cussed below. The effects of neighboring charges likewise do 
not appear to account for these changes (17). 

The hypothesis of hydrophobic bonding (18, 19) of aromatic 
side chains in native proteins appears to be capable of explaining 
satisfactorily both the magnitude and nature of the changes in 
the spectral absorption of the nonpolar as well as the polar 
aromatic side chains (20). It has been suggested as providing 
an explanation for both the spectral (17) and titrimetic (21) 
behavior of tyrosyl residues in certain proteins. Phenols should 
serve as models for the investigation of environmental effects on 
the spectra of tyrosyl residues, but at present there does not 
appear to be sufficient information to permit one to decide 
whether the hypothesis of hydrophobic bonding is compatible 
with the spectral changes observed upon denaturation of pro- 
teins.! One of the objects of the work reported in this paper 
is to provide such information. In addition, we have attempted 
to compare the relative merits of the various hypotheses which 
have been advanced for the changes in the spectra of proteins, 
including hydrogen bonding (3, 5-8), vicinal charges (15), ion- 
dipole bonding (14), dipole-dipole interactions (14), and hydro- 
phobic bonding (17, 19, 20). This has been done by comparing 
the spectral observations on proteins made by us and by other 
with those occurring in model systems. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Ribonuclease and chymotrypsin were obtained from Armour 
and Company; pepsin, from Worthington Biochemicals, Inc.; 
and lysozyme, bovine serum albumin, and ovalbumin, from 
Pentex, Inc. Acetyl-t-phenylalanine, acetyl-L-tryptophan, N- 
acetyl-L-tyrosine ethyl ester, carbobenzoxy-a-L-glutamy]-.-tyro- 
sine, and glycyl peptides of the aromatic amino acids were ob- 
tained from Mann Research Laboratories, Inc. The methyl 
esters of acetyl-t-phenylalanine and acetyl-L-tryptophan were 
prepared by the procedure of Mill and Crimmin (22), and a-I- 
glutamyl-t-tyrosine by the conventional decarbobenzoxylation 
procedure. Sodium dodecyl sulfate (Duponol ME) was ob- 
tained from E. I. du Pont de Nemours and Company; and Plu- 
ronics F-68, a propylene-ethylene oxide block copolymer (mol. 
wt. = 8000) was obtained from Wyandotte Chemicals Corpora- 
tion. Purified dodecylammonium chloride (23) was prepared 
from dodecylamine, which was obtained from Armour and Con- 
pany. 

Fluorobenzene and p-bromoanisole were reagent grade chemi- 
cals, obtained from the Matheson Company; and p-bromophe- 


1 See Wetlaufer et al. (14), footnotes 8 and 9. 
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nol, from Eastman Kodak Company. Benzotrifluoride was a 
purified sample (24). Two fluorocarbon solvents, available in 
our laboratory, were selected for their low refractive indices: 
perfluoro-n-pentane (n> = 1.2390) and a cyclic perfluoro-Cs- 
ether, CsF'60 (n> = 1.2775). 

The Cary model 11 recording spectrophotometer was used 
with silica cells of various path lengths (5.0, 1.0, and 0.2 cm), 
depending on the solvent blank and solubility of the solute. 
Spectra in chloroform, carbon tetrachloride, or 8 M urea were 
obtained with 0.2-cm path lengths. Vapor phase spectra of 
benzene, fluorobenzene, and benzotrifluoride were obtained with 
5-em cells. A special technique was used when the spectra of 
compounds in gelatin gel or in petrolatum were determined, 
since the blanks were too high for even the 0.2-cm path length 
cells. 'The mixture in the liquid state was pressed between two 
quartz plates and allowed to solidify; uniform spacing (0.015 
em) was obtained by using pieces of microscope cover slips be- 
tween the plates. Two sets of matched 1.0-cm cells were used 
to obtain difference spectra involving two solvents of greatly 
differing absorbancies, e.g. see legend for Fig. 5. 

The pK,’ values for the carboxyl and amino groups of a-L- 
glutamyl-L-tyrosine were determined at 25°, at an ionic strength 
of 0.1, with the use of the Radiometer TTT1 titrator. The 
complete model of insulin was constructed according to the 
helical configurations proposed by Lindley and Rollett (25), 
with the use of Leybold atom models obtained from A. 8S. La- 
Pine and Company. 


RESULTS AND DISCUSSION 


Spectra of Amino Acids; Difference Spectra of Proteins 


The spectra of tyrosine, tryptophan, and phenylalanine be- 
tween 240 and 310 my are shown in Fig. la. These spectra are 
shifted to slightly longer wave lengths when the amino acids are 
incorporated into peptides and to even longer wave lengths in 
the native proteins (1, 2). In Fig. 1b, this point is illustrated 
by a comparison of the spectrum of pepsin with that of a mix- 
ture of the three aromatic amino acids in the proper proportions. 
Because of the higher intensity of absorption of tyrosine and 
tryptophan, proteins absorb maximally near 278 my even when 
a substantial proportion of phenylalanine is present, e.g. in pep- 
sin the molar ratio of phenylalanine: tyrosine: tryptophan is 
7:9:3 (26). The vibrational structure of the phenylalanine 
absorption appears only as small “wiggles” on the short wave 
side of the protein spectrum. The differences between the 
spectra of the free aromatic amino acids and native pepsin (Fig. 
1b) are qualitatively very similar to those between denatured 
and native pepsin. Such differences are more easily distin- 
guished in the difference spectrum, shown in Fig. 1b. The peaks 
in the difference spectrum occur near the inflection points in the 
protein spectrum, and arise as a consequence of both lateral 
shifts and alteration in the intensity of the spectral peaks. 

The contributions of each aromatic side chain to the difference 
spectrum of a protein are quite characteristic. An idea of the 
general form of the contribution of each may be gained from the 
difference spectra of phenylalanine, tyrosine, and tryptophan, 
resulting from a change of pH from 7 to 1, as shown in Fig. 2c. 
The principal effect of acidification is to shift the spectra slightly 
to shorter wave lengths. It is found that difference spectra 
resulting from other changes, e.g. changes in solvent, presence 
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Fig. la. Ultraviolet absorption spectra of the aromatic amino 
acids: Curve 1, 5 X 10-* m phenylalanine; Curve 2, 6.4 X 10-* m 
tyrosine; and Curve 3, 1.6 X 10-* m tryptophan. 

Fie. 1b. Comparison of the spectrum of 2 X 10-5 m pepsin with 
that of a mixture of the aromatic amino acids, Curve 6, in the 
proportions in which they occur in pepsin. Curve 6, the difference 
spectrum obtained with the pepsin solution in the sample beam 
and the amino acid mixture in the reference beam. 
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Fig. 2. Difference spectra of the individual aromatic amino 
acids (Fig. 2a) and of three proteins (Fig. 2b); solution of pH 6 to7 
in sample beam and solution of pH 1 to 1.5 in reference beam. 
Curve 1, 10-? m glycyl-t-phenylalanine; Curve 2, 2.5 * 10-3 m 
glycyl-L-tyrosine; and Curve 8, 5 X 10-‘ m glycyl-u-tryptophan. 


of ions and hydrogen-bonding compounds, etc., are very similar 
in general form to those shown in Fig. 2a; these results will be 
discussed later. Peaks in the difference spectra of proteins in 
the 292 to 294 my region are assigned to tryptophan (15), in the 
285 to 288 my region to tyrosine (5, 6) (plus a small contribu- 
tion by tryptophan) and below 270 my to phenylalanine (15). 
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Fic. 3. Difference spectra of proteins resulting from acidifica- 
tion (prior denaturation in the case of pepsin). Native protein 
at pH 6 to 7 in the sample beam; acidified protein in the reference 
beam, pH 1 to 1.5, except in the case of denatured pepsin which 
was at pH 2.2. 


TABLE I 
Effect of acidification on ultraviolet spectra of proteins* 

















No. f altey ber Spectral change 
Protein 

Phe Tyr | Tryp| —Aetyr —AeTryp 
Ribonuclease.............. 3 6 0 3204 0 
a-Chymotrypsin........... 6 4 6 400 470 
Ovaltaemin: .. 2.2 6.06... 21 9 3 360 750 
Bovine serum albumin..... 24 19 2 370 0 
INE io «ai c.aierraiirs 4 3 3 3 8 150 80 
NE cid! Sud A tate os ES 14 18 6 140 480 














* See legends for Figs. 2 and 3. 

+ Pepsin, reference (26); others, reference (27). 

©—Aetryr = —Acogs_287m, per tyrosyl residue per molecule. 
Similar calculations for tryptophyl residues at 292 to 294 mu. 

4 Assuming only 3 of the 6 tyrosyl residues are involved (see 
reference (6)). 


In certain difference spectra, e.g. ovalbumin, a second peak 
characteristic of tyrosine in the 278 to 281 my region, may also 
be distinguished. 

The form of the difference spectrum of a protein is determined 
mainly by the proportions of aromatic amino acids, but, as will 
be seen below, it may in certain cases vary widely from that 
expected. In Fig. 2b and Fig. 3 are shown the difference spectra 
for a number of proteins, resulting from acidification from pH 
7 to 1, except in the case of pepsin.2;* There is no peak near 
292 to 294 my in the difference spectrum of ribonuclease, which 
is devoid of tryptophan, or in that of bovine serum albumin, 
which has a low tryptophan content (see Table I for a summary 
of aromatic amino acid content (26, 27)). The difference spec- 
trum of chymotrypsin exhibits a peak at 294 my which is greater 
than at 286 my; this is consistent with the high proportion of 


? The ultraviolet difference spectra of native pepsin between 
pH values of 1.3 and 5.7 have been reported by Blumenfeld and 
Perlmann (26). 

3 In Fig. 3, native pepsin at pH 5.5 is compared with denatured 
pepsin (30 minutes at pH 7.5) which had been acidified to pH 2.2. 
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Fia. 4. Effect of pH on the spectrum of native and denatured 
pepsin (30 minutes at pH 7.5) with native pepsin at pH 5.5 as the 
reference. Circles, the decrease in absorption at 292.5 my; éri- 
angles, the decrease in absorption at 285.5 my. 


tryptophan in this protein. The high phenylalanine content 
of ovalbumin leads to the appearance of more prominent “‘wig- 
gles” in the 255 to 270 my region than are shown by most pro- 
teins. The difference spectrum of lysozyme shows a peak at 
286 mu, characteristic of tyrosyl residues, which was not ob- 
served by Donovan et al. (15). 

Some experimental values for the difference extinction coefi- 
cients (Ae) of tyrosyl and tryptophyl residues are listed in Table 
I. The values correspond to differences resulting from the 
acidification of native proteins from pH 7 to 1.3 Pepsin is physi- 
cally stable to acid; the listed Ae values represent the differences 
between native pepsin at pH 5.5 and alkali-denatured pepsin 
at pH 2. (The spectral changes of pepsin are discussed further 
below.) If we assume that the Ae values are proportional to 
the number of aromatic residues affected under a given set of 
conditions, the magnitude of Ae is a qualitative indication of the 
fraction of a given type of aromatic residue affected. Thus, 
the acidification of a-chymotrypsin (Fig. 2) or the conversion 
of -chymotrypsin to a-chymotrypsin (27) result in a promi- 
nence of the changes in the tryptophyl absorption in accord 
with the tyrosine to tryptophan ratio. However, in the tryp 
sin-catalyzed activation of chymotrypsinogen to 2-chymotryp- 
sin, the changes in the tyrosyl spectrum are dominant, and the 
magnitude of the changes is smaller (28). Evidently, the acti- 
vation step involves only a relatively small portion of the mole 
cule (28). Again, the phenylalanyl spectrum of bovine serum 
albumin undergoes less change upon acidification than that of 
ribonuclease (Figs. 2b and 3), which has a smaller phenylalanine 
to tyrosine ratio (Table I). 

The effects of pH on the ultraviolet spectra of native and 
denatured pepsin, alluded to above, are shown in Fig. 4. Native 
pepsin at pH 5.5 is the reference. The two wave lengths plotted 
correspond to the decreases in the tyrosyl (285.5 my) and tryp 
tophy] (293.5 mu) regions. Native pepsin shows little spectral 
change? between pH 5.5 and 0, whereas the denatured molecuk 
shows large changes. We have also observed‘ that the levoro- 
tation of native pepsin decreases about 1.4° on lowering the pH 


4 Unpublished results. 
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from 6 to 0, whereas inactivation at pH 7.5 causes an increase 
in levorotation of more than 10°. It is evident that the tertiary 
structure of native pepsin is very resistant to pH changes in 
the acidic region, although very sensitive in the neutral and 
alkaline region. It is important to note that since acidification 
causes little spectral or other changes in pepsin, tyrosyl-carbozxyl- 
ate bonds (3, 5-8) cannot be important in maintaining the structure 
of pepsin, for they could hardly be expected to survive at pH 0. 


Model Systems 


The spectral changes produced by the denaturation of proteins 
can be simulated in a number of model systems. Several such 
systems have been studied for the purpose of gaining further 
understanding of the process of denaturation and of the nature 
of the bonding in native proteins. 

a. Effects of Neighboring Charges—When the pH is lowered 
from about 11 to less than 7, the spectral maxima of phenylala- 
nine (15), tryptophan (15), and O-methyltyrosine® (14) shift 
toward shorter wave lengths. These shifts are due to slight 
increases in the energies of electronic transition of the aromatic 
rings, resulting from the formation of the electron-withdrawing 
ammonium group. The smaller, short wave shifts which result 
from acidification of these amino acids (Fig. 2a) from neutral 
pH values are attributed to the formation of the undissociated 
carboxyl group which is more electron-withdrawing than the 
carboxylate group. These inductive effects, particularly the 
effect of the ionic state of the carboxyl group, are quite small 
compared to those observed on denaturation or acidification of 
proteins or to those observed in certain model systems to be 
described. In proteins, these inductive effects would have to 
be transmitted further than in the amino acids (except for ter- 
minal aromatic residues) and would be expected to be vanish- 
ingly small (15). The spectral shifts of proteins produced by 
pH cannot be simply attributed to the inductive effects of 
vicinal charges. Such spectral changes as are observed on 
changing pH must therefore be attributed mainly to rearrange- 
ments of secondary and tertiary structure, although the possi- 
bility of field effects, due to unusually close conjunction of 
charges to aromatic groups (15), is not excluded by the available 
data. 

The method of Laskowski, Scheraga, and co-workers (5, 6) 
was used to test a-L-glutamyl-L-tyrosine for possible intramo- 
lecular ion-dipole bonding between the glutamyl -carboxyl 
group and the phenolic hydroxyl group. It was found,‘ how- 
ever, that the fractional change in absorption closely followed 
the fractional change in the tyrosyl a-carboxyl group (pK’ = 
3.01), indicating that the ionic state of the y-carboxyl group had 
no effect. This result is in accord with the fact that the pK’ 
value of the y-carboxyl group (4, 14) is not abnormally low,® 
as would be expected if an ion-dipole bond to the phenolic hy- 
droxyl group were formed.’ 

b. Effect of Rigid Matrices—Beaven et al. (1) have observed 
that when aromatic amino acids are incorporated into gelatin 
gels or films or into polysaccharide films their spectra are shifted 


' The inductive effect of the amino group of tyrosine cannot be 
studied because of the overwhelming effect of the ionization of 
the phenolic group. 

* Compare with values published in Cohn and Edsall (29), p. 85. 

’ Intramolecular ion-dipole bonding accounts for the low pKooou 
of for salicylic acid, as compared to 4.54 for p-hydroxybenzoic 
acid. 
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to longer wave lengths. We find that in a 12% gelatin gel the 
spectra of the aromatic amino acids exhibit changes in absorp- 
tion slightly smaller than those produced by the ionization of 
the a-carboxyl groups (Table II). The explanation for this 
effect is still uncertain. Since it is exhibited in polysaccharide 
films (1), interaction of the aromatic residues with charged 
groups in the gelatin cannot be the cause. Whether these ob- 
servations are related to the spectral shifts occurring during 
protein denaturation is not established. 

c. Effects of Detergents—As shown in Fig. 5, in a 5% (0.225 
M) solution of dodecylammonium chloride, which is well above 
the critical micelle concentration of about 0.01 m (30), the spec- 
tra of the N-acetyl esters of phenylalanine, tyrosine, and tryp- 
tophan are shifted to longer wave lengths. Qualitatively similar 
results are obtained with 5% solutions of an anionic detergent, 
sodium dodecyl sulfate, and a non-ionic detergent, Pluronics 
F-68.4 

Acetyl-t-tyrosine ethyl ester is more than twice as soluble 
(about 0.03 m) in 5% sodium dodecyl sulfate as in water. These 
observations suggest that substantial proportions of the N-acetyl 








TaBLe II 
Spectral shifts in model systems, relative to water 

System AeTyr AeTryp 
MAL: (i | UMM Sameer ements 8 toon tel 65 300 
Gelatinigel 2. 55 ieee Bee 35 180 
Sie Dress 35.25.20. acdiindnc pei ad 80 260 
5% Dodecylammonium chloride®. ....... 300 920 
5% Sodium dodecyl sulfate’............. 440 











* Glycyl peptides used. 
>’ N-Acetyl esters used. 
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Fia. 5. Effect of detergent micelles on the spectra of the N- 


acetyl esters of the aromatic amino acids. (a) Solid line, spectra 
in water; broken line, in 5% dodecylammonium chloride at pH 2. 
Curve 1, 5.45 X 10-* m N-acetyl-t-phenylalanine methyl ester; 
Curve 2, 8 X 10-* m N-acetyl-t-tyrosine ethyl ester; Curve 3, 
2 X 10-* m N-acetyl-t-tryptophan methyl ester. (6) Difference 
spectra obtained with the detergent solution plus a water blank 
in the sample beam and the detergent blank and water solution in 
the reference beam. 
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TaBLeE III Solvent-induced Shifts of Aromatic Spectra 

Spectral shifts in various solvents, relative to isodctane To provide further support for the hypothesis that the natur 

Syetem Ad mp of the environment of the aromatic side chains, rather than th 

presence or absence of specific bonds, is responsible for the ultr. 

Solvent n® | Bensene | Phenol | Indole | Fluoro- | Bensotri- violet spectral changes occurring on denaturation of proteins, we 

| have studied the effects of polar and nonpolar solvents on certain 

ee 1.2390 |.-1.4| -2.3| — -~1.3 | —1.9 Simple aromatic compounds. To eliminate complications which 

me. ......... 1.2775 | —1.4| -2.2| —* | -1.3! -1.g might arise from the effects of solvents on amino, carboxy], and 

MAM, 5... os. 1.3330 | —0.8 | -1.4 | —0.9 —1.0-| —0.4 peptide groups, we have not used amino acids or peptides but 

Ethanol........; 1.3624 | —0.2 1.8 1.1 | —0.2 0 have chosen benzene, phenol, and indole as models for the side 

Isoéctane........ 1.3916 0 0 0 | 0 0 chains of phenylalanyl, tyrosyl, and tryptophy] residues, respee. 

oF 1.4464) 0.8) 0.5, 2.0 | 0.3| 0.5 tively. These compounds have the further advantage of being 
CCl S.....-...-.. 1.4631 1.2 15) 3.4 1.2 0.7 sufficiently soluble in a greater variety of solvents. 

Petrolatum?..... 1.4858 1.6 1.8) | The electronic spectra of benzene, phenol (32-34), and prob. 














* The maxima in isoédctane which were selected as reference 
peaks were: benzene, of 254.4 my (Amax); phenol, 270.9 my (Amax); 
indole, 286.7 my fluorobenzene, 265.9 my; and, benzotrifluoride, 
266.3 my. In the cases of indole, fluorobenzene, and benzotri- 
fluoride, the reference peaks are discrete maxima at the longest 
wave length portion of the absorption spectrum. 

+ Indole is very insoluble in the fluorocarbon solvents. 

¢ Obtained with 0.2-cm cells. 

4QObtained with 0.015-cm path length (see ‘‘Materials and 
Methods’’). 


esters, perhaps 60 to 70%, were incorporated into the detergent 
micelles, thus experiencing a predominantly hydrophobic, lipid- 
like environment. The spectral changes (Table II) are com- 
parable to those resulting from the denaturation of proteins, 
and are consistent with the hypothesis that in the native protein 
molecule many of the aromatic side chains are in hydrophobic 
environments provided by nonpolar aliphatic side chains. The 
spectra of the N-glycyl dipeptide derivatives of the aromatic 
amino acids are not significantly modified by these detergents.‘ 
Such dipolar compounds would not be expected to be incorpo- 
rated into the hydrophobic portions of the detergent micelles 
in the manner typical of many lipophilic organic substances. A 
comparison of carbobenzoxy-a-L-glutamyl-L-tyrosine and acety]- 
L-tyrosine ethyl ester in 5% dodecylammonium chloride showed 
that the glutamyl y-carboxyl group had no detectable effect, 
provided suitable correction was made for the differences in 
the water to micelles distribution of the two compounds.! 


Interpretation of Difference Spectra 


The quantitative interpretation of difference spectra can often 
be misleading because of the varying contributions of spectral 
shift, spectral broadening, and over-all increase in absorption 
in different cases. Since the maxima in a difference spectrum 
occur near the inflection points of the absorption spectra (Figs. 
1b and 5), slight spectral broadening, for example, can yield a 
substantial difference spectrum even though the max is virtually 
unchanged. Examples will be given later. In the study of 
solvent effects on ultraviolet spectra of the model compounds 
discussed below, it was not possible to use difference spectra 
because of the very large changes in spectral widths and absorp- 
tion intensities. 


8 Riegelman et al. (31) have studied the incorporation of aro- 
matic compounds into micelles by means of ultraviolet spectro- 
photometry. 


ably indole in the 240 to 300 my region are due to 7 — x* gin. 
glet-singlet transitions. In benzene, this transition is “symme. 
try-forbidden” and is, therefore, relatively weak compared to 
the other transitions of benzene in the 180 to 200 my region, 
although strong compared to the “multiplicity-forbidden” sip. 
glet-triplet transition near 340 my (33). Substituted benzene 
absorb at somewhat longer wave. lengths than benzene and haye 
greater integrated intensities of absorption because of their 
lesser symmetry and the larger dipole moments of their excited 
states (33). 

Solvents alter the peak positions and intensities by altering 
the energy and probability of electronic transitions. This al- 
teration arises from a difference in the solvation energies of the 
ground state and the first excited singlet state (35-38). A num- 
ber of interactions must be considered, and these may reinforce 
or oppose each other. The interpretation may be relatively 
simple when both solute and solvent are nonpolar but is quite 
complex when both are polar. The principal considerations 
are the following: (a) the nature of the electronic transition; 
(b) the relative contributions of solute-solvent interactions to 
the energy of the transition; (c) the operation of the Franck- 
Condon principle; and (d) the direction of change of the solute 
dipole moment during the electronic transition. 

In nonpolar solvents, the spectra of benzene, phenol, and 
indole are shifted to longer wave lengths with increasing refrac- 
tive index of the solvent, as shown in Table III. For benzene, 
which has no dipole moment in the ground or excited states, 
this long wave shift with increasing solvent refractive index is 
attributed to a polarization of the solvent electrons by the mo- 
mentary transition dipole of the solute, existing during the 
optical absorption process (36). The transition occurs much 
too rapidly for molecular reorientation, although electrons o 
the solvent have time to be polarized. It is, therefore, to be 
expected that the long wave shift will be some function of the 
refractive index of the solvent. Bayliss (35) has suggested that 
it should be proportional to (n? — 1)/(2n? + 1), whereas Lon 
guet-Higgins and Pople (38) have suggested that it should te 
proportional to (n? — 1)/(n? + 2). Bovey and Yanari (39) 
have found that both of these relationships are oversimplified, 
since in solvents of low refractive index (but still far from unity) 
there may be a very small long wave shift or none compared 
the vapor spectrum. For nonpolar solutes, a long wave shift 
with increasing solvent refractive index may be expected 
polar as well as nonpolar solvents; as shown in Table III, this 
appears to be true for benzene in water and ethanol. 

For solutes like phenol and indole, which have a permanent 
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dipole moment in the ground state and (presumably) in the 
excited state, the solvation energies of both states will be de- 
ereased by a polarization of the solvent electrons by these di- 
poles. If the dipole moment of the excited state is greater than 
that of the ground state, there will be greater stabilization of 
the excited state by solvation, and therefore a long wave shift; 
if the dipole moment of the excited state is less than that of the 
ground state, there will be a short wave shift (36)... In addition, 
the “transition moment’’ or. dispersion effect will be operative, 
as described above, always tending to produce a long wave shift 
in any solute-solvent system. In phenol.and indole, the. dipole 
moment of the excited state is evidently greater than that of 
the ground state, and so the dipole polarization and dispersion 
effects (both dependent upon the solvent refractive index) oper- 
ate in the same direction. 

When. both solute and solvent are polar, solvation energies 
are large in the ground state, and there will be a cage of oriented 
solvent molecules around each solute molecule. When transi- 
tion occurs, the excited molecule will in general have a size and 
charge distribution different from those of the ground state; the 
solvent molecules of the cage will not have time to reorient 
themselves and will be in a state of strain. This will decrease 
the solvation energy of the excited state and, in the absence of 
opposing effects, will produce a short wave shift (36). Two 
other effects must be considered however: 

(a) Changes in permanent dipole moment during excitation, 
ie. the dipole polarization effect considered above, which in 
the compounds we consider in this paper opposes the effect. of 
orientation strain. 

(}) Hydrogen bonding, which will tend to produce either a 
short wave or long wave shift depending on the nature of the 
electronic transition and whether the solute is the hydrogen 
donor or hydrogen acceptor (40-43). Hydrogen bonding of 
phenol to diethyl ether and dioxane, where phenol must neces- 
sarily be the proton donor, is found to produce a long wave 
shift of 3 mp (40). We must also recognize the possible exist- 
ence of systems in which hydrogen bonding occurs, but in which 
neither the solute nor the solvent acts predominantly as the 
proton donor; here we may expect that little or no spectral shift 
will occur. 

Table III shows that the spectra of benzene, phenol, and in- 
dole all undergo blue shifts of about 1 + 0.1 my on passing from 
isodctane to water. This result makes it appear probable that 
neither orientation strain nor hydrogen bonding are important 
in determining the spectral peak positions for phenol or indole 
in water, but that the observed shift arises primarily because 
of the lower polarizability of water. However, the possibility 
exists that the observed shift for these compounds is the net 
result of a relatively large blue shift in water (compared to iso- 
octane) arising from orientation strain plus the dispersion effect, 
partially compensated by hydrogen bonding in which the solute 
is the proton donor. To clarify this point, it is desirable to 
observe the spectral changes of compounds which, like phenol 
and indole, have substantial dipole moments but which, unlike 
phenol and indole, are not capable of hydrogen bonding. We 
have chosen fluorobenzene and benzotrifluoride whose dipole 
moments are 1.47 D.U. and 2.63 D.U., respectively (44). Table 
III includes the observed shifts of the spectral maxima of these 
substances. It can be seen that there is no evidence of a blue 
shift larger than those observed for phenol and indole on going 
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from isodctane to water; in fact, for benzotrifluoride, the shift 
is smaller. This confirms our conclusion that the spectral shifts 
observed for phenol and indole are primarily, as with benzene, 
the result of dispersive interaction. Orientation strain and 
hydrogen bonding are relatively unimportant in determining 
the spectral peak positions for these solutes in water; in view 
of the discussion in the previous paragraph, however, this 
statement must not be taken to mean that there is no hydrogen 
bonding of phenol or indole with water, but only that in these 
systems neither the solute nor the solvent acts predominantly as 
the proton donor. 

Relative to isoéctane, ethanol and water have opposite effects 
on the spectra of phenol and indole, as shown in Table III: long 
wave shifts in ethanol and short wave shifts in water. On the 
basis of their lower refractive indices both ethanol and water 
should give short wave shifts, if dispersive interaction and dipole 
polarization were dominant. Long wave shifts relative to a 
hydrocarbon solvent are known to occur when phenol is involved 
as the hydrogen donor in hydrogen bonding with solvent (40- 
42). Such hydrogen bonding is the dominant factor in ethanol 
but is of secondary importance in water. 

Wetlaufer et al. (14) cite several examples in the literature of 
spectral shifts on transferring various compounds from nonpolar 
to polar solvents which appear contradictory.1 The reported 
effects of ethanol and water on the spectra of phenol and anisole 
(14) are in accord with the foregoing discussion. Furthermore, 
the ethanol-induced short wave shifts of the spectra of pyrida- 
zine and benzophenone (43), also cited by Wetlaufer et al., are 
not in disagreement with the long wave shifts in the phenol- 
ethanol system, since the electronic transitions and nature of 
hydrogen bonding involved are entirely different.® 


Spectral Shifts in Aqueous Solutions 


Spectral shifts exhibited by phenol or phenolic compounds in 
concentrated aqueous solutions of urea and sodium acetate have 
been interpreted as supporting the existence of hydrogen bond- 
ing (7) and ion-dipole bonding (14) of phenolic hydroxy] groups 
in such solutions. To test this further, the spectral maxima of 
benzene, phenol, and indole were measured in 4 m sodium ace- 
tate, 4 m acetic acid, and 8 m urea; in Table IV the long wave 
shifts observed in these solvents and in isodctane are shown, 
compared to the positions in water. Ion-dipole bonding of 
acetate ion and phenol does not appear to occur to a significant 
extent, for the spectral shift is nearly as large in 4 m acetic acid 
as in 4 m sodium acetate,!° and appears to correlate with refrac- 


® Although pyridazine and benzophenone undergo both + — x* 
and n — r* transitions in the near ultraviolet, the type of elec- 
tronic transition in question (43) is n — x*; dispersive and dipole 
polarization forces oppose one another, since the dipole moment 
decreases upon excitation (36). Of greater importance is the 
fact that in ethanol pyridazine and benzophenone are hydrogen 
acceptors in hydrogen bonds involving the nonbonding electron 
pairs of the heteroatoms; the n — x* transition in ethanol essen- 
tially requires the rupturing of the hydrogen bond, since one of 
these nonbonding electrons is excited (42, 43). On the other hand, 
hydrogen bonding in the phenol-ethanol system, in which phenol 
is the hydrogen donor, facilitates the  — x* transition. The 
x — x* transitions of pyridazine and benzophenone, occurring at 
slightly shorter wave lengths, undergo long wave shifts in ethanol. 

10 A substantial difference spectrum is obtained from the com- 
parison of certain solvent systems without significant change in 
Amax Of the absorption spectra; such effects are observed with 
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TaBLe IV 
Spectral shifis in aqueous solutions, relative to water 
System Od,* my 
Solvent np Benzene Phenol Indole 
| 

NB 6 A seni. ond) 308 1.3330 0 0 0 
4m Acetic acid......... 1.3506 02 | 0.4 0.6 
4 m Sodium acetate..... 1.3600 Si |: es 0.5 
See 1.3777 0.2 | —0.2 0 
ees 1.4015 0.5 0.8 0.6 














*See Table III. Reference peaks in water: benzene, 253.6 my; 
phenol, 269.5 my; and indole, 285.8 mu. 


tive index in both systems. This appears to agree with the con- 
clusion of Wetlaufer (13), based on measurements of the solu- 
bility of tyrosine and phenol in sodium acetate solution, that 
in aqueous solution the association of carboxylate ions with 
phenolic hydroxyl groups is very weak. The long wave shift is 
definitely larger for phenol and indole in both acetic acid and 
sodium acetate than for benzene; this is probably to be attrib- 
uted to dipole polarization of the solvent by these compounds 
and the fact that the effect of a given solvent is generally related 
to the intensity of absorption of the chromophore (37). The 
long wave shift produced by urea appears to be largely attribut- 
able to greater dispersive interaction. Absence of significantly 
increased hydrogen bonding in urea solutions as compared to 
water alone is suggested by the fact that nearly equal spectral 
shifts are observed for p-bromophenol and p-bromoanisole in 
8 M urea, 1.0 my and 0.8 my, respectively. The bromo deriva- 
tives were used because of the insolubility of anisole in water. 

The spectrum of benzene in 4 m LiBr undergoes a slight long 
wave shift which can be attributed to the greater refractive in- 
dex of the salt solution (Table IV). The effect of LiBr on polar 
solutes is somewhat unexpected; the Amax of indole remains un- 
changed and that of phenol undergoes a slight short wave shift 
instead of the expected long wave shift.!° Evidently, in the 
case of polar solutes in concentrated salt solutions orientation 
strain, due to the high degree of orientation of the solvent cage, 
nearly equals (and opposes) the effects of dispersive and dipole 
polarization forces. This explanation also applies to the slight 
effect of sodium chloride!® on the spectra of phenol (13) and 
tyrosine (14). 

Wetlaufer et al. (14) have shown that the spectra of tyrosine 
and O-methyltyrosine undergo slight long wave length shifts, 
relative to water, in either 6 M urea or in 4 m sodium acetate. 
These workers have attributed the effects of urea and acetate 
to dipole-dipole and ion-dipole interactions, respectively. It 
should be pointed out that if such interactions were the domi- 





phenol or phenolic compounds in 4 m sodium acetate versus 4 M 
acetic acid, 4 m LiBr versus water, and 4 m NaCl versus water. 
Examination of the spectra in each of these solvents (unpublished 
results) shows that spectral broadening is primarily responsible 
for the difference spectra. In each of the difference spectra, spec- 
tral broadening is indicated by almost completely positive ab- 
sorption except near \max of the absorption spectra where the 
optical density of the difference spectrum is nearly zero. Asimple 
long wave shift yields a difference spectrum which is negative 
below Amax of the absorption spectra. An over-all increase in 
absorption, which frequently accompanies the above mentioned 
changes, makes the interpretation of difference spectra more 
complex. 
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nant factor, the spectral shifts would be the opposite (short 
wave) to those observed because the solvation energies of the 
ground states in these solutions would be greater than those of 
the excited states. 


Hydrophobic Bonding in Proteins 
One important force tending to stabilize the compact configu- 


rations of globular protein molecules in aqueous solution is the | 


strong hydrogen bonding between water molecules. This force 
repels nonpolar groups of the protein, since these would tend to 
alter the normal arrangement of the hydrogen bonds (19), 
The consequence is that the nonpolar, lipid-like portions tend to 
aggregate. The effectiveness of such “hydrophobic bonds,” 
alluded to in the introduction to this paper, is strikingly illus- 
trated by the existence of detergent micelles in aqueous solution 
(45). Such micelles are in a sense simplified models of proteins, 
They have molecular weights (10,000 to 40,000) comparable to 
those of many globular proteins and consist of several hundred 
ionized detergent molecules held together primarily by hydro- 
phobic bonding despite the repulsion of many closely spaced 
charges on their surfaces (45). A substantial portion of the 
structure of many globular proteins consists of nonpolar aliphatic 
and aromatic side chains which could provide a hydrocarbon- 
like environment for aromatic side chains, i.e. leucyl, isoleucyl, 
valyl, phenylalanyl, and possibly alanyl side chains. We have 
shown that the spectral shifts for benzene, phenol, and indole 
in a series of solvents of variable polarizability may be accounted 
for as arising primarily (except in ethanol) from alterations in 
dispersive interaction, plus (in the case of indole or phenol) 
some contribution from dipole polarization of the solvent, acting 
in the same direction, orientation strain and hydrogen bonding 
being relatively unimportant. It may be inferred that the simi- 
lar spectral shifts observed for the phenylalanyl, tyrosyl, and 
tryptophyl residues of proteins in the native state compared to 
the unfolded or denatured state also arise primarily from altera- 
tions in dispersive interaction. Dispersive interactions of these 
groups can be expected to be smaller in a predominantly aqueous 
environment (i.e. in the denatured proteins) than in the native 
state, where many or most of the aromatic side chains are be- 
lieved to be in predominantly hydrocarbon environments. The 
effective polarizability of these hydrophobic portions of the na- 
tive protein is not known, but the observed spectral effects can 
be accounted for if it is assumed to be about the same as that of 
carbon tetrachloride (n® = 1.473); the refractive index of the 
whole protein is usually much higher than this (1.60 to 1.62 
(46)), so that this assumption does not appear to be unreason- 
able. As mentioned earlier, Williams and Foster (17) have sug- 
gested changes in the polarizability of the environment of tyrosyl 
residues as a possible explanation for the spectral changes in 
bovine serum albumin. 

One obvious advantage of the hypothesis of hydrophobic 
bonding over other hypotheses is that it can account for the 
changes in the phenylalany] spectra (20). The spectral changes 
of insulin offer a unique case to which the hypothesis of hydro- 
phobic bonding may be applied. It is known that tryptic di- 
gestion of insulin removes the C-terminal octapeptide sequence 
of the B chain (47), resulting in changes in the phenylalanyl” 


11 The changes in the phenylalanyl absorption has been at- 
tributed by Laskowski et al. (7) to the formation of a charged 
amino group in the Gly.Phe.Phe.Tyr... heptapeptide, resulting 
from tryptic action. However, Donovan et al. (15) have shown 








Oct 


and 

invo 
pher 
resid 
nate 
cate: 
mod 
port 
gion 
prox 


expl: 


mod 
of d 
spec 


vary 


indu 


spec 
ent : 


amil 
curr 


rear 
the | 
of cl 
data 


phy! 
(pep 
cleas 
para 
pher 
of i 
wate 
can 

of tl 
tein 

hydr 
prot 
pred 


sine, 
not « 
geste 
bility 


bond 
the ¢ 
nituc 
chan 


that 
of an 
of th 
clusi: 
phen 


XUM 


». 10 
short 


the 
se of 


figu- 


s the | 


force 
nd to 
(19). 
nd to 
nds,” 
illus- 
ution 
teins, 
le to 
ndred 
ydro- 
paced 
f the 
yhatic 
rbon- 
eucyl, 
have 
indole 
unted 
ns in 
1enol) 
acting 
nding 
» simi- 
l, and 
red to 
altera- 
these 
jueous 
native 
re be- 
The 
he na- 
ts can 
hat of 
of the 
o 1.62 
eason- 
re sug- 
yrosyl 
ges in 


phobic 
or the 
hanges 
hydro- 
tie di- 
quence 
lany!# 





October 1960 


and tyrosyl spectra (5). It is probable that the spectral changes 
involve the single tyrosy] residue in this octapeptide and the two 
phenylalanyl residues immediately N-terminal to this tyrosyl 
residue. The fact that this tyrosyl residue is less readily iodi- 
nated than the other three tyrosyl residues in insulin (48) indi- 
cates a certain degree of inaccessibility. A complete atom 
model of insulin (25), shows that the nonhelical C-terminal 
portion of the B chain can be folded back into interhelical re- 
gions in which nonpolar side chains occur. Because of the 
proximity of the phenylalanyl and tyrosyl residues, a single hy- 
pothesis, that of hydrophobic bonding, appears adequate to 
explain the spectral changes of insulin upon tryptic digestion. 


SUMMARY 


1. Ultraviolet spectral changes occurring when proteins are 
modified structurally have been measured (chiefly by means 
of difference spectra) and compared to those occurring in the 
spectra of aromatic amino acids under parallel conditions and 
in the spectra of aromatic model compounds in solvents of 
varying polarity and polarizability. 

2. A difference spectrum is not a reliable measure of a solvent- 
induced spectral shift because of the varying contributions of 
spectral broadening and over-all increase in absorption in differ- 
ent solvents. 

3. The inductive effects of vicinal charges as such on aromatic 
amino acid spectra are too small to account for the changes oc- 
curring in protein spectra. Such spectral changes as are ob- 
served on changing pH must therefore be attributed mainly to 
rearrangements of secondary and tertiary structure, although 
the possibility of field effects, due to unusually close conjunction 
of charges to aromatic groups, is not excluded by the available 
data. 

4. The short wave length shifts in the phenylalanyl, trypto- 
phyl, and tyrosyl absorption regions observed when proteins 
(pepsin, ovalbumin, bovine serum albumin, lysozyme, ribonu- 
clease, and chymotrypsin) are modified structurally are closely 
paralleled by changes in the spectra of benzene, indole, and 
phenol, respectively, on passing from solvents of higher to those 
of lower refractive index, e.g. from a hydrocarbon solvent to 
water. The changes in the spectra of the model compounds 
can be explained as arising from varying degrees of stabilization 
of the excited state by interaction with the solvent. The pro- 
tein spectral changes are compatible with the hypothesis of 
hydrophobic bonding of the aromatic residues in the native 
protein. On denaturation, these residues are exposed to a 
predominantly aqueous environment of lower polarizability. 

5. The long wave length shifts of the spectra of phenol, tyro- 
sine, and their derivatives in urea and in sodium acetate are 
not caused by dipole-dipole and ion-dipole interactions, as sug- 
gested by others. These shifts are also related to the polariza- 
bility of the solvent. 

6. The possible occurrence of tyrosyl-carboxylate ion-dipole 
bonding in proteins is not excluded by our findings except in 
the case of pepsin, where it clearly cannot account for the mag- 
nitude of the changes in the tyrosyl absorption. The reported 
changes in the tyrosyl absorption of insulin upon tryptic diges- 





that an amino group of a peptide has little effect on the spectrum 
of an aromatic side chain unless it is located on the a-carbon atom 
of the aromatic amino acid residue. We have confirmed this con- 
clusion by comparing the effects of pH on the spectra of glycyl- 
phenylalanine and phenylalanine (unpublished results). 
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tion can be explained as satisfactorily by hydrophobic bonding 
as by tyrosyl-carboxylate interaction; the accompanying changes 
in the phenylalany] absorption cannot be explained by the latter 
alone. We favor hydrophobic bonding as a general hypothesis, 
since it can account for the spectral changes of nonpolar aro- 
matic side chains and does not require specific configurations in 
the native protein to accompany specific (and rather weak) in- 
teractions. 
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The absorption spectra of protein solutions in the region 250 
to 310 my contain contributions from phenylalanine, tyrosine, 
and tryptophan residues. The band due to tyrosine is of particu- 
lar interest since it is found to be displaced by 1 to 6 my toward 
longer wave lengths in solutions of native proteins relative to 
free tyrosine or its peptides. This has been clearly demon- 
strated in denaturation, acidification, or hydrolysis of proteins! 
when the tyrosine band is usually shifted back to the blue.2 The 
extent of the shift is most conveniently and accurately measured 
in the form of a difference spectrum (2-4). The reasons for the 
shift have been the subject of considerable interest in recent 
years, since they may have an important bearing on the internal 
configurations of proteins. Spectral studies on insulin (4~6) 
and ribonuclease (7-9) have led to the suggestion that tyrosyl 
—OH groups are involved as donors in hydrogen bonds to other 
protein side chains. However, difference spectra very similar 
to those from proteins have been obtained with O-methyltyrosine 
and other simple model compounds (10) where there is no possi- 
bility of hydrogen bonding in the above sense. In view of these 
and other data, it has been suggested (11) that protein difference 
spectra may arise indirectly from general configurational changes 
which lead to changes in polarity and polarizability in the vicinity 
of the tyrosyl groups. It, therefore, seems appropriate at this 
time to summarize the various effects which have been shown to 
give rise to ultraviolet spectral changes (on chromophores, in 
general) and attempt to determine which of these effects may be 
important in proteins. 

1. The absorption band in the 250 to 310 my region can be 
displaced and altered in intensity for several reasons which 
may be grouped together as non-ionic solvent effects: 

a. Nonpolar solvents may produce displacements relative 
to the spectrum of the solute in the vapor phase (12-15). 
Polar solvents produce additional effects due presumably 
to their orientation around the solute chromophore. 
This orientation may stabilize dipolar excited states 
(12-15) and produce a red shift which increases with the 
dipole moment of the solvent. For the same reason, the 
band displacement to the red may increase with the 
polarizability or refractive index of the solvent (13, 16- 
20). 

b. For a solute such as O-methyltyrosine, the solvent may 


1A review of relevant data on proteins has been presented by 
Leach (1). 

* The terms “red shift’’ and “‘blue shift”’ will be used to indicate 
a displacement toward longer and shorter wavelengths, respec- 
tively. 


produce a blue shift by hydrogen bonding to the oxygen 
atom of the methoxy group and withdrawing electrons 
from the benzene chromophore. In addition the orienta- 
tion of the methoxy group with respect to the plane of 
the benzene ring may be altered by the hydrogen bond 
(21), changing the proportion of double bond character 
in the O-pheny] bond, and so favoring different resonance 
forms and producing a red or a blue shift. 

2. A blue or a red shift can arise by introducing positive or 
negative charges near the chromophore. Such effects 
might reach the chromophore by three routes: 

a. Solvent anions such as halide or acetate, and also cations, 
might interact directly with the x-electron system of the 
benzene ring. 

b. Solvent ions could hydrogen bond with the oxygen atom 
in, say, O-methyltyrosine. 

c. Groups removed by one or more covalent bonds from 
the chromophore may ionize and affect the chromophore 
by either an inductive or an electrostatic field effect. 
Experiments with tyrosine, tryptophan, phenylalanine 
and their derivatives indicate (10, 22) that such “vicinal’’ 
charge effects are significant only when the ionizable 
group is close to the chromophore. 

3. In the case of tyrosine, all of the above effects could arise, 
but in addition: 

a. The —OH group can dissociate a proton at high pH, 
producing a red shift. 

b. Below pH 9, where the —OH group is un-ionized, it 
could function as a donor in a hydrogen bond with a 
suitable solvent or solute acceptor. It has even been 
suggested (23-26) that the 7-electron system of the 
benzene ring may serve as a weak proton acceptor, so 
that the —OH group might hydrogen bond with the 
tyrosine ring. By analogy with the behavior of other 
phenols and naphthols (27), this would also produce a 
red shift. 

Where difference spectra are obtained from proteins by a 
change of pH or solvent, or by enzymic digestion, there is no 
basis a priori for assigning their origin to any one or more of the 
above effects. Nor is it possible at present to predict the relative 
magnitude of the various effects. However, for proteins such 
as insulin and ribonuclease where the amino acid sequences are 
known, and the difference spectra have been examined in more 
detail, it should be possible to exclude some of the possible effects. 
In addition, for insulin, ribonuclease, and other proteins, the 
shift upon denaturation, acidification, or proteolysis is always 


2827 








2828 


toward shorter wave lengths, so we may conclude that those 
solvent effects which lead to a red shift do not preponderate in 
the over-all spectral change. 

If some of the chromophores are embedded in a hydrophobic 
region of the protein molecule (11), where they are inaccessible 
to the solvent, then denaturation, swelling or other structural 
changes brought about by addition of urea or a change in pH, 
may result in an unfolding of the molecule. The tyrosyl residues 
may then come into contact with the aqueous solvent and any 
of the solvent effects (1, a and b; 2, a and b; or 3, b) can give 
rise to a difference spectrum. In such a case, any pH dependence 
of the difference spectrum will be a pH dependence of the protein 
configurational change and may be recognizable as such. If, 
on the other hand, the native structure is stabilized by side 
chain interactions such as tyrosyl-carboxylate ion hydrogen 
bonds, the pH dependence of the configurational change and, 
therefore, of the difference spectrum would correspond to a 
titration curve of the acceptor group (28). The shape of the 
pH dependence of the spectral shift for insulin favors the latter 
interpretation (5, 6). In ribonuclease the helix-random coil 
equilibrium depends both on pH and temperature* and the pH 
dependence of the transition temperature, 7',,, indicates that at 
least one tyrosyl-carboxylate ion hydrogen bond is ruptured 
in the configurational change (28-30). Therefore, while the 
difference spectra produced by acidification of ribonuclease (7) 
may involve solvent effects, we cannot rule out hydrogen bond- 
ing. The sense of the spectral shift on adding urea to proteins 
may be explained in similar terms. At low urea concentrations 
the “exposed” tyrosyl residues probably become solvated with 
urea whereas higher concentrations are required to break existing 
tyrosyl interactions and produce the “denaturation blue shift’’ 
(20). 

It has been suggested (10, 31) that the difference spectra ob- 
tained by acid titration or enzymic digestion of proteins might 
arise as a result of titrating carboxyl or other groups, or produc- 
ing new ionizable groups close to chromophores as described in 
(2,c). Such charge effects have been demonstrated for lysozyme 
(22) and have, in fact, been used to draw inferences about the 
amino acid environment of the chromophores. For at least two 
proteins, viz. insulin and ribonuclease, it is possible with some 
confidence to exclude the vicinal or ion-chromophore effect as an 
explanation for the origin of the difference spectra. The amino 
acid sequence of insulin shows that none of the four tyrosyl 
residues in the molecule is adjacent to an ionizable side chain 
(32); furthermore, the action of trypsin is to break the polypep- 
tide chain at two points, neither of which is close enough to a 
tyrosyl residue to produce a vicinal charge effect. Yet titration 
of insulin to pH 1.5 or digestion with trypsin at pH 8 both pro- 
duce shifts in the absorption spectrum which are of the same 
sense and magnitude (4-6). In addition, whereas salts would be 
expected to interfere with electrostatic perturbations, ammonium 
acetate does not affect the difference spectrum of insulin (5). 
It is, of course, possible that ionizable groups which are two or 
more residues removed from tyrosyl groups could be brought into 
close proximity with them due to the three-dimensional folding 

8 At any pH the transition temperature, 7;,, is independent of 
the method of the measurement, e.g. optical rotation, ultraviolet 
difference spectrum, or viscosity (29). 

4A direct determination of the pK values of the anomalous 
carboxyl groups by difference-spectrophotometric titrations at 


two temperatures indicates the presence of one or two carboxyl 
groups of very low pK in ribonuclease (29). 
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of the molecule, and that these may give rise to an electrostatic 
field effect upon ionization. The required distance of approach, 
for such interactions to affect the chromophore, is so small (22) 
that the situation would be difficult to distinguish from a tyrosy]- 
carboxylate ion hydrogen bond; from the point of view of locating 
side chain interactions the net effect would be the same. The 
amino acid sequence of ribonuclease shows that two of the six 
tyrosines are adjacent to lysyl residues (33). However, it is 
known (22) that the ionization of the « —NH;* group in a- 
benzoyl-t-lysine has no effect on the benzoyl chromophore, 
Further, the charge on the « —NH;* group of lysine does not 
change in the pH range 1 to 7 in which the difference spectrum 
is observed. It is, therefore, unlikely that vicinal charge effects 
of the type observed in models (10, 22) are responsible for the 
difference spectra of either insulin or ribonuclease. 

Turning to model experiments, it has been clearly demon- 
strated (10), using glycyl-O-methy]-tyrosine with urea and ace- 
tate ions, that dipole-ion and dipole-dipole interactions can give 
rise to difference spectra. However, it is significant that very 
high concentrations® of urea, acetate, and salts (20) are required 
to produce the same effect as is obtained in, say, insulin by selec- 
tively breaking a single peptide bond or ionizing a single car- 
boxyl group (5, 6). It appears that by breaking this interaction 
in insulin, we are interfering with a sensitive and specific feature 
of tertiary configuration. Whereas in the solution of the model 
compound we have a number of chromophoric molecules, all 
within reach of suitable ions (say acetate) or dipoles (say urea), 
it would appear that in insulin, and probably in other proteins, 
there are only a few special pairs of uniquely placed groups which 
are eligible for interactions. It seems reasonable to speculate 
that the peculiar chain configuration which allows the two groups 
to approach and interact owes its character, at least in part, to 
these interactions. Constraints of this type might explain the 
unexpectedly irregular shape of molecules such as myoglobin 
(34) where disulfide crosslinks are absent. 

In summary, while a variety of solvent and ionic effects may 
give rise to shifts in the ultraviolet spectra of proteins, it is 
possible, by using auxiliary data (such as the pH dependence of 
reversible denaturation) to determine whether the effects are 
due in any part to side chain hydrogen bonding. Although the 
pH dependence of reversible denaturation can be explained in 
terms of a model involving hydrogen bonds (28, 30), this does 
not preclude the possibility of accounting for the phenomenon in 
terms of a model based on hydrophobic bonding, including elec- 
trostatic effects. Although due caution is required in interpret- 
ing difference spectra, and each protein must be evaluated on its 
own merits, data of this type are clearly useful in the location of 
internal interactions in protefhs. 


Acknowledgment—The authors wish to thank Dr. W. F. Forbes 
for helpful discussions. 
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The enzyme, adenosine 5/-triphosphate-creatine transphos- 
phorylase (creatine kinase), in the presence of Mgt* ions, cata- 
lyzes the reaction, 


ATP + creatine @ ADP + creatine phosphate (1) 


From our earlier rate measurements (1), it was not possible to 
develop a satisfactory kinetic scheme accounting for the depend- 
ence of reaction rate on the concentration of certain ions, such as 
Mg*+ and H+. Recently, however, we have found (2) that some 
of the anions which we were inadvertently introducing in the 
earlier work (e.g. in varying the concentration of Mgt+ with the 
use of magnesium sulfate) strongly interact with this enzyme 
system, thereby confusing attempts at kinetic interpretation. 
Having recognized this effect, we have turned to the use of com- 
paratively inert anions (e.g. acetate, glycinate), and have found 
that the simpler results thus obtained are well described by a 
plausible kinetic scheme. Our conclusions are that (with respect 
to either substrate) the system follows “Michaelis-Menten ki- 
netics,” that MgATP?- is probably the true substrate, that 
HATP*- is a competitive inhibitor, and that the curve relating 
steady state velocity to pH resembles the titration of a single 
ionizing group with a pK ~ 6.5. The activity of the enzyme 
preparations used in the present work has been about 40% 
higher than the activity of crystalline preparations used in our 
earlier work (1). 


EXPERIMENTAL PROCEDURE 


Preparation of Creatine Enzyme—The enzyme was isolated from 
rabbit skeletal muscle (3, 4) and at least twice crystallized. For 
the purposes of assay and for comparison with previous prepara- 
tions, the conditions and method of activity calculation with 
the second order rate constant (3) were retained. In the present 
work, the specific activity of preparations has been about 72 
units per mg instead of 52 units per mg (3) previously reported. 
Ethanol redistilled from alkali has been used and ethanol-pre- 
cipitated enzyme fractions have been taken up with precooled 
dilute ethanol to avoid denaturation by the heat of dilution of 
the ethanol. Since the early preparations often increased in 
specific activity on long storage at pH 9, they may have con- 
tained reversibly denatured enzyme protein. The enzyme was 
stored for use as a concentrated solution (30 to 50 mg per ml) 
which had been dialyzed against 0.001 m (pH 9) glycine buffer. 


* We wish to express gratitude for support of this investigation 
by Research Grant H-3599 from the National Heart Institute, 
National Institutes of Health, United States Public Health Serv- 
ice. 


Protein concentrations were determined by the biuret proce- 
dure (5). 

Reagents—Salts used for inhibition studies were reagent grade 
and twice crystallized from aqueous solution. Glycine, histi- 
dine (free base), and creatine were Cfp grade (California Cor- 
poration for Biochemical Research). Nucleotides were the high- 
est grade available from Sigma Chemical Company. 

Enzymatic Assay—The initial rate of enzymatic activity at 
30° was measured, as previously reported (1), by plotting the 
time course of formation of creatine phosphate in a series of five 
aliquots of the incubation mixture pipetted into a mixture of 
acid-molybdate. The maximal percentage of total ATP reacting 
was generally under 10% and the plotted initial rates were linear, 
Inorganic anions in the incubation mixture were avoided insofar 
as was possible. Sodium hydroxide was used to adjust the pH 
of buffer solutions, and a stock 1 M magnesium acetate solution 
prepared from MgAcs-4H,0, analytical reagent grade, was 
standardized by precipitating magnesium hydroxyquinolate. 


RESULTS 


Considering the “forward” sense of Equation 1, and imposing 
a fairly high concentration of one of the two substrates, creatine, 
we may study the dependence of the “steady state’ reaction 
rate, V, on the concentration of the other substrate, viz. ATP. 
However, we will assume for the moment, and justify by success- 
ful fitting later, that the only species of ATP that is effective as 
substrate is MgATP?-. If it is supposed that the equilibria 
between ATP, H*, and Mg** are established very rapidly com- 
pared with any enzymatic processes, then [MgATP?-] can be 
calculated from the following Conservation and Mass Law equa- 
tions: 


[ATP*] + [HATP*] + [MgATP*] = Ao (2) 
[Mg**] + [MgATP?-] = My (3) 
[HATP] 4 
—_— " 

[MgATP*-] 


(ATPHiiMg] ~ “™* es 


in which Ao and Mo are the total! concentrations of ATP and Mg, 
respectively, Ku and Ky, are independently measured equilib- 


1 In particular, to fit our data, it has not been found necessary 
to take into account ternary complexes between ATP and Mg**. 
Smith and Alberty (6), in calculating their data, tacitly assume 
that these can be neglected. 
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rium constants, and Ky* is defined in Equation 4. Obviously, 
at sufficiently high [Mg+], [MgATP?-] ay perry Ag at all pH 
values in the range considered. 

When, at a given [Mg**] and at a given pH, for instance pH 
9, 1/V is plotted against 1/[MgATP?-] in the Linewéaver-Burk 
(7) fashion; a straight line is obtained, indicating’ that V and 
[MgATP?-] can be related by the usual —_— 6f Michaelis 
and Menten (8), 


” [MgATP*] 
~ (1/RK) + [MgATP*} 





Vinax (6) 


It.can therefore be tested whether or not various substances act 
as competitive inhibitors of MgATP?-, i.e. whether or not they 
participate.in reactions. 


 1/Ki 
Test substance + enzyme mo inactive complex (7) 





In Table I are reported values of A; (calculated by the method 
of Hunter and Downs (9))-for various salts and substances related 
to ATP. Concentrations of acetate as high as 0.05 m or of glyci- 
nate as high as 0.40 m did not inhibit the system detectably; on 
the other hand, Table I shows:that —-SO,- and —CI are rather 
potent inhibitors. 


2 The statements previously made ((1) p. 77), that ‘““MgCls and 
MgSO, appear to be identical,’’ and that, “‘Na2SO. and K.SO, 
are inactive by themselves and, when added individually (0.004 
m) to 0.004 m MgSO,, do not alter the initial velocities,’’ were 
based on results of experiments at relatively low anion concentra- 
tions and moderately high ATP concentrations where small in- 
hibitory effects were overlooked. Lineweaver-Burk plots and 
results used in compiling the data of Table I clearly show the 
competitive inhibition by anions with ATP. 

In a private discussion of this work, Dr. Stephen Kuby raised 
the interesting question of whether the use of acetate ion might 
not lead to Mg**-+acetate association, hence to some upsetting of 
the calculations given above. Actually the degree of association 
of magnesium acetate in aqueous solution is somewhat contro- 
versial; for example, the work of-Nancollas: (10), ¢ited to us by 
Dr. Kuby, leads to a value of 0.062 for the dissociation constant 
at 35°. Dr. R. H. Davies has. considerately communicated to us 
a more reasonable value for this constant, however. From his 
own unpublished data, Davies obtains 0.14 at 30°; this agrees well 
with the value of 0.165 at 25° obtained from the measurements of 
Cannan and Kibrick (11); in our calculations we will assume that 
Kis about 0.14. Association of Mg** with acetate will bring about 
an effective reduction of ‘‘true substrate,’? MgATP*-, and this in 
turn may cause a reductioninv. To estimate this effect we there- 
fore compute the value of the fraction combined 


[MgATP2];acjao — [MgATP*];4c}~0.05 
[MgATP*}acj_o 





(i) 


under the most adverse circumstances, viz. when [ATP] = 10°, 
[Mg**] = 6 X 10-3, and the pH is 5.8. Evaluating Formula i, 
we then find that the percentage of reduction in substrate con- 
centration is 1.1%. What effect this has on the reaction velocity 
depends on the degree of saturation of the enzyme, being greatest 
on the unsaturated enzyme. If the degree of unsaturation is 
great enough, then v becomes a linear function of [MgATP?], and 
80 one can say that the mazimal effect on the rate is also 1.1%. 
In the present work these ‘‘worst circumstances’? were seldom 
realized. Moreover, we have some experimental indications that 
the effect is not even as great as this, e.g., increasing [Ac~] up to 
0.1 mM at high pH does not appreciably affect v, and substitution 
of glycinate for acetate does not affect v. We therefore conclude 
that although the question is interesting, it is not weighty. 


L. Noda, T.. Nihei, and M. F. Morales 
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TaBLeE I 
Competitive inhibition of ATP-creatine transphosphorylase 
measured at 30°, pH 9.0, in presence of excess MgAcz 
Kinetic measurements were made at 30°, 0.05 m glycine, pH 








9.0, and 0.024 m creatine. O&* 

Gompound | Ki 

BY : , M 
Sodium eestbe. ... 00.52.6634 | 0.4 
Sodium cblosdide................- | 0.1: 
Potassium chloride...........-.. | \. Wile 
Sodium bicarbonate............. 0.050 
Sodium nitrate........5......... 0.022 
Sodium sulfate.;. >=: oss 0.077 0.006 
Sodium phosphate............... ‘0.013 
Sodium pyrophosphate......... 1 0.01; 
Sodium tripolyphosphate........ 0.008 
Adenoeine. 2033750500 8 0.007 
ee eet eee 7.0 X 10°% 
MS hs aes sian eee 0.2; X 107% 
PRE ca Se hisook nee 0.23 X 10-** 








* Estimates of the K; for HATP* were made from the experi- 
mental results (Fig. 4). The HATP* was assumed to compete 
with the true substrate, MgATP?-, and the concentration was 
computed assuming the affinity constants of MgATP* and of 
HATP* to be 90 X 10* and 10°-*; respectively. 
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Fic. 1. Initial rates of reaction as affected by pH; 1 X 10°? m 
ATP, 6 X 107? mM MgAcze, 0.024 m creatine, and 0.05 m glycine in 
range pH 8.5 to 9, or 0.05 m histidine-acetate in range pH 5.5 to 
8.5; lines drawn through experimental points, @——-@, at 38°; 
O——O, at 30°; and OD, at 10°. 





If Lineweaver-Burk plots are made at various pH values, with 
care being taken to keep Mg** in excess, it:is found that K,, of 
Equation 6 shows no perceptible trend with pH, and thus, 
within experimental error, it may be ¢onsidered constant in the 
range 5.8 to 9.0. (Even at the lower pH values the enzyme has 
been found to be stable for the duration of the incubation.) 
On the other hand, over the same pH range, Vmax varies markedly 
with pH, and in a manner (Fig. 1) which suggests that it reflects 
the ionization of a group the pK of which is about 6.5 at 30°. 
When these measurements are repeated at 38 and 10°, the “ap- 
parent pK” values shift to 6.4 and 6.7, respectively. Thus the 
“apparent heat of ionization” is about 1.8 Kcal per mole. 

Maintaining the pH high, say at 9.0 (for simplicity, since then 
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Fia. 2. Experimental and calculated initial rates of reaction as 
affected by (Mg**]; 0.05 m glycine-NaOH, pH 9.0; 0.024 m creatine. 
Smooth curves have been drawn through calculated values and 
experimental points are indicated for various ATP concentra- 
tions; O——O, 1 X 10-*m; O——0 0.5 X 10°? m; @——-@,, 0.1 X 
10°? mu. 
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Fic. 3. Experimental and calculated initial rates of reaction as 
affected by total added ATP; 0.05 m glycine-NaOH, pH 9.0; 0.024 
M creatine. Smooth curves have been drawn through calculated 
values (see text) and experimental points are indicated by: 
O——O, 2 X 10°? m MgAcz; @——-@, 1 X 10°? m MgAce; and 
O——DO, 0.5 X 10°? mM MgAcz. 


[HATP®-] is negligibly small), rather severe tests of the assump- 
tion that MgATP?- is the true substrate can be made by study- 
ing V as a function of Mo, holding Ao constant (points in Fig. 2) 
and V as a function of Ao, holding Mo constant (points in Fig. 3). 
In order to obtain numerical predictions of [MgATP?-] from the 
solution of Equations 2 to 5,3 values of Ku and Ku, must be 


3 Solving Equations 2 to 5 gives: 
[ATP*] 


— {(1 + K,*) + Kug(Mo — Apo)} 
+ {((1 + Ka*) + Kue(Mo — Ao)}®? + 4 Kug(1 + Kn*) Ao}? 
2 Kyg(l + K;*) 
and thus from Equation 2 


[ATPMg?"] = Ao — [ATP*] — [HATP*] 





Note that [HATP*-] is essentially equal to zero under most condi- 
tions considered in this work. 
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adopted. For the former we have taken 1/10-** m“, which 
was obtained first by Melchior (12) and then by Smith and Al- 
berty (6) from titration of ATP in tetraalkylammonium solvents. 
For Ku, we have found 9 X 10‘ M— to be the best fitting value. 
The precise value of this constant is uncertain; contemporary 
measurements have varied between 3 X 10? m-! (Smith and Al- 
berty (6)) and 3.8 x 10‘ m-! (Burton (13)) with no decisive pref- 
erence for any particular work. The computed values of 
{[MgATP?-] are then substituted into Equation 6, wherein K,, is 
assigned the value reported above, viz.0.4 X 10-3m. The ratio 
of V values at any two values of [MgATP?-] is thus fixed. In the 
case that Ao is constant and Mp is varied, the maximal value of 
[MgATP?-] will obviously be Ao. If we choose V (Ao) as the 
reference value, then we can find the relative V for any lesser 
value of [MgATP?-]. These computations give the smooth lines 
in Fig. 2. Conversely, if we settle on a value of Mo and vary Ay 
then we can compute V relative to the V which corresponds to a 
particular choice of Mo and Ao. In Fig. 3 we have taken 
V (Mo = 1 mM and Ap = 1 mm) as the reference, and V values 
computed for various other combinations of Mo and Ap fall on 
the smooth lines shown on the figure. It will be observed that 
in both types of experiment the agreement between experimental 
points and predictions from the scheme which assumes MgATP?- 
to be the true substrate is encouragingly good. The only appre- 
ciable deviations occur when Ao > Mo (Fig. 3). In that case 
{[ATP*-] becomes appreciable, and may offer slight competition 
to MgATP?-. 

If the experiment of studying V as a function of Mo while 
holding A» constant is repeated at lower pH values at which 
[HATP*-] becomes appreciable, the observed V is far below that 
expected from the calculated [MgATP?-]. In that event, how- 
ever, the data are fitted closely if it is assumed that HATP* 
(whose concentration can also be readily computed from the 
Equations 2 to 5) isa competitive inhibitor, the dissociation con- 
stant‘ of its inactive complex with the enzyme being 0.3 x 107. 
Thus in Fig. 4, for pH 5.8, there is good agreement between the 
experimental points and the calculated values (smooth line) when 
inhibition by HATP?- is taken into account. An estimate of 
the K; value for HATP®- is included in Table I. 


DISCUSSION 


The foregoing results establish that, as regards the forward 
process, (expressed by Equation 1) ATP-creatine transphosphoryl- 


4 One may set up the ratios of V in the usual Michaelis-Menten 
equation (the cases where V*PParest ig compared to the greatest 
velocity attainable under the conditions, V at [MgATP?-] = 1 
mM) for the two cases, Veelative’ and Vielative (where “true” de- 


notes the condition in which inhibition by HATP* is taken into 








account). Then one may derive the relation 
1 light K; [(HATP*] 
Visiative’ Vielstive (1 + 1/Kug) (MgATP*] 


Thus a plot of the left hand member of the equation versus 


(HATP?-] 
[MgATP?-] 


should give a straight line of slope, 
Ki 
(1 + 1/Ku,’) 
A straight line was obtained and K; calculated to be 0.3 X 10°. 


Octc 


of w 
havi 
pecis 
AMI 


is CO! 
in th 
terce 
i.e. § 
the 1 
(and 
Was 
word 
meal 
creat 
value 
disso 
Kub 
of th 
their 
of 0. 
const 


(4 


Siu 
pend 
woul 
MgA 
appr 
this | 
hydr 
in th 


pH | 
depe 
com] 
ioniz 
poss! 
grou 
alou: 


FI 
affec 
tine. 
(see 
9.0, 
HAc 





XUM 


. 10 


hich 
| Al- 
ents. 
alue. 
rary 
1 Al- 
pref- 
3 of 
Cm is 
ratio 
n the 
le of 
» the 
esser 
lines 
ry Ay 
3 toa 
‘aken 
alues 
Il on 
| that 
ental 
.TP2- 
ppre- 
, case 
tition 


while 
which 
y that 
_ how- 
ATP* 
m. the 
n con- 
¢ 10° 
en the 
) when 
ate of 


orward 
phoryl- 
Menten 
reatest 
e”’ de- 
en into 


© 





October 1960 


ase behaves like a ‘Michaelis-Menten’ enzyme the substrate 
of which is MgATP?-. It has been shown that this simple be- 
havior can be confused by competitive anionic inhibitors, es- 
pecially by those which resemble the “true substrate”, e.g. by 
AMP, ADP, HATP*-, and ATP*-. 

It has been noted above that in the pH range 5.8 to 9.0, K,, 
is constant whereas Vmax changes markedly. In other phrasing, 
in the Lineweaver-Burk plot, proton binding increases the in- 
tercept but leaves the ratio of slope to intercept unchanged, 
i.e. H+ is a noncompetitive inhibitor. It has been shown (14) that 
the most plausible explanation of such behavior is that before 
(and after) inhibitor addition the enzyme-substrate complex 
was in equilibrium with free enzyme and free substrate; in other 
words, that K,, is a true dissociation constant. In our case this 
means that the dissociation constant of the complex between 
creatine enzyme and MgATP?- is of the order of 4 X 10-*. This 
value is in reasonable agreement with the apparent enzyme-ATP 
dissociation constant, 8 X 10-* at [Mg]/[ATP] = 1.1, given by 
Kuby and Mahowald in a preliminary report (15) if correction 
of their figure is made for the presence of 0.15 m KCl used in 
their sedimentation equilibrium measurements. With the value 
of 0.12 for K; for KCl given in Table I, the corrected dissociation 
constant should be the observed dissociation constant divided by 


8 x 10* 





( + oN, in this case divided by 2.25, or = 3.6 x 10~. 


ry 


Since the dissociation constant of enzyme-MgATP?~ is inde- 
pendent of pH over the pH range 5.8 to 9, our simple model 
would imply that the enzyme groups involved in binding 
MgATP?- do not include groups whose ionization state changes 
appreciably in this pH range, 7.e. histidyl. It appears that on 
this basis carboxyl, amino, phenol, and, to a lesser degree, sulf- 
hydryl are possible groups on the enzyme that may be involved 
in the binding of the substrate, MgATP?-. 

It has already been remarked that the curve of Vmax versus 
pH (Fig. 1) is what one might expect if the enzymatic process 
depended on the ionization of a group on the enzyme-substrate 
complex with a pK value of about 6.5 (at 30°) and a heat of 
ionization of +1.8 Keal per mole. Forgetting for a moment the 
possible ambiguity in this inference, we may speculate that the 
group in question is phosphate, since only under the most anom- 
alous circumstances would carboxyl, histidyl, sulfhydryl, or 
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Fic. 4. Experimental and calculated initial rates of reaction as 
affected by [Mgt] at different pH; 1 X 10-? m ATP, 0.024 m crea- 
tine. Smooth curves have been drawn through calculated values 
(see text) and experimental points are indicated by: @——®@, pH 
9.0, 0.05 m glycine-NaOH; O——O, pH 6.65, 0.05 m histidine- 
HAc; O——O, pH 5.8, 0.05  histidine-HAc. 
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amino groups assume simultaneously this pK and AH. Unfor- 
tunately, this can only be a suggestion, for, as Peller and Alberty 
(16) and Bruice and Schmir (17) have shown, the presumed 
“K” of the hypothetical group can actually be a complicated 
function of many equilibrium constants describing successive 
steps in the enzymatic process. What is, however, a fact, is 
that the Vinax-pH relation and “apparent AH” reported here for 
creatine enzyme closely resemble the same characteristics re- 
cently reported for “simplified” myosin ATPase by Morales and 
Hotta (18). Since both enzymes are “sulfhydryl enzymes” 
and both may be concerned with phosphate transfer, this simi- 
larity may be more than accidental. 

Alternative to the Michaelis-Menten reaction scheme em- 
ployed in this work, one could consider a double displacement 
gcheme such as, 


k 
ATP + enzyme ————— enzyme-P + ADP 


-1 


creatine + enzyme-P a. + creatine phosphate 


Both schemes predict a linear relation between 1/V and 1/[ATP], 
so the observation of a linear plot alone does not distinguish 
between them. On the other hand, it has been noted above 
that the K,, (equal, in the Michaelis Menten scheme, to [en- 
zyme]([ATP]/[enzyme (ATP)]) obtained kinetically is very nearly 
the same as the dissociation constant of ATP binding obtained by 
equilibrium dialysis (after correction for anion inhibition). In 
the double displacement scheme the “K,,”’ would actually be 
[enzyme] [ATP]/[enzyme-P] [ADP]; therefore, there would be 
no reason whatever for its numerical value to resemble the dis- 
sociation constant of ATP binding obtained by equilibrium 
dialysis in the absence of ADP. The present work thus lends 
support to the Michaelis-Menten scheme as against the double 
displacement scheme, and re-enforces our earlier view that an 
enzyme-phosphate intermediate is not formed. This conclusion 
was based on the observation that labeled ATP was not formed 
when enzyme, nonlabeled ATP and ADP® were incubated.® 


SUMMARY 


Inorganic anions are competitive inhibitors of the enzyme 
adenosine 5’-triphosphate-creatine transphosphorylase (creatine 
kinase). Inhibitor constants for a variety of salts and for com- 
pounds related to adenosine 5’-triphosphate have been deter- 
mined. 

The complex, MgATP®-, is the substrate and HATP®- is a 
strong inhibitor, whereas ATP‘- appears to be a rather weak 
inhibitor. 

The Michaelis constant for the substrate, MgATP*-, is essen- 
tially constant in the range of pH values 5.8 to 9.0 and is an 
equilibrium constant. 

The pH activity curve has been measured in the absence of 
inhibiting anions, and the heat of ionization has been estimated 
to be about 2 Kcal per mole. 

The kinetic data lend support to a previous, unpublished con- 
clusion that an enzyme-phosphate intermediate is not formed, 
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On the Active Site of Myosin A-Adenosine Triphosphatase * 


I. REACTION OF THE ENZYME WITH TRINITROBENZENESULFONATE 
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Science, Hokkaido University, Sapporo, Japan 
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A chemical modification of a protein by a reagent is one of the 
most direct methods for determining a group active for a function 
of the protein, if it is established that the active group in the 
protein is specifically and stoichiometrically attacked by the 
reagent under mild conditions (1, 2). For example, information 
concerning the chemical structure of the active sites of several 
esterases recently has been obtained by the analysis of the com- 
pounds of the enzymes with organophosphorus reagents (3-10). 

Information on the chemical nature of the active site of myosin 
A-adenosine triphosphatase may be very useful for explanation of 
muscle contraction at the molecular level, but the chemical 
structure of the active site of ATPase remains somewhat obscure 
in spite of much effort by several investigators. Bailey and 
Perry (11) have reported that the —SH group is involved in the 
active site of myosin A-ATPase. Turba and Kuschinsky (12) 
and Bérdény and Bérdny (13) have observed that. myosin A- 
ATPase is inhibited by the modification of the amino group. 
In these studies, however, ATPase activity disappeared when a 
large number of the active groups in the myosin A molecule were 
modified by the reagents. 

The present authors have attempted to determine the chem- 
ical structure of the active site of the ATPase, with 2,4, 6-trini- 
trobenzenesulfonate as a reagent which binds specifically and 
stoichiometrically with a site intimately related to the enzymatic 
activity. According to Satake et al. (14), TBS! binds only to 
the amino group of the protein even at neutral pH and at low 
temperature. The TNP-amino acid is resistant to acid hydroly- 
sis and shows a specific absorption around 340 my. In the pres- 
ent report, it is shown that the specific binding of TBS to 2 moles 
of e-amino group of lysine residues per mole of myosin A reduces 
the ATPase activity of fresh myosin A, although the ATPase 
activity of aged myosin A is little changed. The polymer of 
myosin A, which is formed during storage, is disaggregated by 
this treatment. 


EXPERIMENTAL PROCEDURE 


Myosin A was prepared from skeletal muscle of rabbit by the 
method, with slight modifications, described by Perry (15). It 


* This work was supported in part by a grant from the Ministry 
of Education of Japan to the research group on the “Mechanism 
of Enzyme Action.” 

+ On leave from Biochemistry Department, Faculty of Fish- 
eries, Hokkaido University, Hakodate, Japan. 

1 Abbreviations used are: TBS, 2,4,6-trinitrobenzenesulfonate ; 
TNP, trinitrophenol; and TNP-amino acid, trinitrophenolamino 
acid. 


was clarified by two centrifugations at 105 < g, each for 2 hours, 
by means of a Hitachi preparative ultracentrifuge. No impuri- 
ties were detected in our myosin A preparation by ultracentrif- 
ugal analysis or salting-out analysis according to Tenow and 
Snellman (16). The molar concentration of myosin A was 
calculated with 4.2 x 10° g as the molecular weight (17, 18). 
Actin was obtained by the method of Bérdény et al. (19). Acto- 
myosin was synthesized from one part of F-actin and four parts 
of myosin A by weight. The content of protein was calculated 
by multiplying by a factor of 6 the nitrogen content determined 
by the micro-Kjeldahl method. 

TBS and e-TNP-lysine were kindly supplied by Professor 
K. Satake, Tokyo Metropolitan University, Tokyo. ~< 

Modification of myosin A by TBS was carried out as follows: 
TBS, which was dissolved in 0.6 m KCl and 0.02 m borate buffer 
at pH 7.5, was added in a final concentration of 15 to 30 uM to 
myosin A in 0.6 mM KCl, at 0°, and pH 7.5 (0.02 m borate buffer). 
The molar ratio of TBS to myosin A was about 10, unless other- 
wise stated. After an appropriate time, the reaction mixture 
was diluted to 0.04 m KCl and the protein was centrifuged at 0° 
and 2 X 10*g for 20 minutes. The precipitated protein was dis- 
solved at pH 6.5 by addition of 3 m KCl, making the final ionic 
strength 0.5. During these procedures, the reaction of TBS 
with myosin A scarcely proceeded, because of the dilution of the 
reagent and the low pH. The amount of bound TBS was calcu- 
lated from the absorption at the maximum of 345 my with a 
molar extinction coefficient of 1.33 « 1042 

The ATPase activity was measured in the presence of 7 mm 
CaCl, 1 mm ATP, and 0.3 m KCl, at pH 7.4 and 25°. The P; 
liberated was determined by the method of Martin and Doty 
(20). Under these conditions, the ATPase activity of our myosin 
A was 4.8 + 0.5 umoles P; per sec per g of protein. 

The intensities of light scattering of myosin A were measured 
in a Brice-Phoenix photometer at the wave length of 546 my in 
0.5 m KCl, pH 6.5, at room temperature. The measurements of 
refractive index increment were carried out by means of a Brice- 
Phoenix differential refractometer under the same condition as 
the measurements of light scattering. The value of 0.20 was 
obtained for both myosin A and TNP-myosin A. 

The viscosity of a 0.6 m KCl solution of myosin A was meas- 
ured at pH 6.5 and 20° by means of a viscometer previously 
described (21). The average velocity gradient (@) was evaluated 
with the help of Krieger’s approximation method (22). 


? K. Titani, private communication. 
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For amino acid analysis, about 100 mg of TNP-myosin A were 
hydrolyzed in a sealed glass tube with 6 n HCl at 105° for 22 
hours. Hydrolysates were separated into water-soluble and 
ether-soluble fractions. The e-TNP-amino acid, which remained 
in the aqueous phase, was adsorbed in a tale column. After 
elution with n HCl-ethanol (1:4), the TNP-amino acid was 
chromatographed in ¢tert-amylalcohol (23) on Toyo Filter Paper 
No. 51 and was eluted with 1% NaHCO;. Its amount was 
measured colorimetrically, with 1.33 x 10‘ as the molar extinc- 
tion coefficient of e-TNP-lysine at 345 mu. The a-TNP-amino 
acids in the ether-soluble fraction were chromatographed in the 
same solvent as the water-soluble fraction. After elution of the 
spot with 1% NaHC0Os, the amounts of the fractions was meas- 
ured by the absorption at 345 my, adopting the molar extinction 
coefficient of 1.54 x 10‘ which is the value for TNP-glycine (14). 
To identify the amino acids, which were liberated from a-TNP- 
amino acids by the hydrolysis in concentrated ammonia at 105°, 
one- and two-dimensional paper chromatographic separations 
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Fic. 1. Time course of binding of TBS with myosin A. Ordi- 
nate, moles of bound TBS per mole of myosin A. 0.6 m KCl, pH 
7.5, 0°. O——O, fresh myosin A No. 5, 33 um myosin A, 330 um 
TBS; X——X, aged myosin A No. 3 (50 hours after death of rab- 
bit), 15.5 wm myosin A, 166.7 um TBS. 
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Fie. 2. Effect of —SH-reagents on TBS-binding. (A) @——®, 
fresh myosin A No. 9, 5 um myosin A, 20 uw TBS; O——O and 
x——%X, same as above plus 12.5 moles of p-chloromercuribenzo- 
ate and 12.5 moles of Mersalyl per 10° g of protein, respectively. 
(B) @——®, fresh myosin A No. 10, 15.5 um myosin A, 155 um 
TBS; X——X, same as @——@ plus 12.5 moles of Mersalyl per 
10° g of protein. 
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TABLE [| 
Contents of «-TNP-lysine in TNP-myosin A* 














P Amounts | cunts | eaatl 
mounts rrec 
3 Reaction from of isolated Loss due to bier ll amounts 
ce time pbompee pela | hydrolysist phic proce ure | = 
& myosin At | | | 
ene | 
hr % 
20 0.03 | 0.36 0.12 /47.3 + 2.3/47.1 + 1.0| 0.4 
0.25 | 0.80 0.26 /47.3 + 2.3/47.14 1.0) 0.9 
0.41 | 1.07 0.31 47.3 + 2.3/47.1 + * 4.1 
21 | 2.0 | 2.25 | 0.93 20 (|47.141.0| 2.3 
10.2 | 4.62 | 2.08 20 {47.1 41.0; 4.7 
16.6 6.46 | 2.72 20 47.1 + 1.0 6.4 

















* All values expressed as moles per 4.2 X 10* g of protein. 

t Calculated from absorption at 345 mp of TNP-myosin A in 
0.6 m KCl and at pH 6.5, adopting 1.33 X 10‘ as a molar extinction 
coefficient. 

t Hydrolyses of Preparations No. 20 and 21 were performed in 
presence and absence of 0.46 m KCl, respectively. 


were employed with butanol-acetic acid-water (4:1:5) and 
phenol-water. For quantitative analysis of TNP-amino acid, 
the losses due to the procedure were corrected for by parallel 
processing of a known amount of an appropriate TNP-amino 
acid. 


RESULTS 


Binding of TBS—In Fig. 1 is shown the time course of the 
combination of TBS with myosin A. As clearly shown in this 
figure, the binding of 2 moles of TBS to 1 mole of fresh or aged 
myosin A occurred rapidly; thereafter, the combination increased 
slowly and linearly with time. In other words, two of the amino 
groups of myosin A were attacked specifically by TBS. 

When Mersalyl* or p-chloromercuribenzoate (12.5 moles per 
10° g of protein) was added beforehand into myosin A solution, 
the first binding of TBS was inhibited (Fig. 2). Particularly 
when the molar ratio of myosin A to TBS was 1:4, the rate of 
specific binding was remarkably depressed by the —SH reagents 
(Fig. 2A). 

Isolation of TNP-Lysine—The water-soluble fraction of the 
hydrolysates of TNP-myosin A was chromatographed with tert- 
amylalcohol mixture as described above. Its position on the 
paper agreed completely with the position of e-TNP-lysine. As 
summarized in Table I, the amounts of TNP-lysine were in good 
agreement with that estimated by the absorption at 345 my of 
TNP-myosin A. 

In the ether-soluble fraction, a-TNP-alanine, -valine, -threo- 
nine, and -leucine were detected. The total amounts of these 
TNP-amino acids, however, represented only a small percentage 
of the amount of e-TNP-lysine. When aliquots were removed 
from the reaction mixture of fresh myosin A No. 20 after incuba- 
tion with TBS during 1.8, 15, and 25 minutes, the total amounts 
of a-TNP-amino acids were found to be trace, 2% and 7% of 
e-TNP-lysine, respectively. When fresh myosin A No. 21 was 
incubated with TBS during 2, 10.2, and 16.6 hours, the total 
amounts of a-TNP-amino acids were 4, 2, and 5% of e-TNP- 
lysine, respectively (cf. Table I). The a-TNP-amino acids seem 
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Fic. 3. ATPase activity of TNP-myosin A. Percentage activ- 
ity is plotted against degree of binding of TBS. O——O, fresh 
myosin A No. 12; X——X, fresh myosin A No. 5; @——@, aged 
myosin A No. 1 (1 week after death of rabbit). 
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Fig. 4. Lineweaver-Burk plot of myosin A-ATPase. 7 mm 
CaCl, 0.3 m KCl, pH 7.4, 25°. X——xX, control; O——O, TNP- 
myosin A (2.82 moles of bound TBS per mole of myosin A). Units 
for velocity = wmoles P; per sec per g protein. 


to arise from the impurities of myosin A preparations, as sug- 
gested by Bailey (24) in his report on N-terminal assay of myosin 
A by dinitrofluorobenzene. 

Effect of TBS-binding on ATPase Activity—In the case of fresh 
myosin A, ATPase activity decreased to about 30% of the orig- 
inal in proportion to the amount of bound TBS up to 2 moles per 
mole of myosin A, as shown in Fig. 3. This diminished activity 
remained constant on further binding of TBS up to 8 moles per 
mole of myosin A. The Lineweaver-Burk plot (25) of ATPase 
in TNP-myosin A is illustrated in Fig. 4. The maximal veloc- 
ity of ATPase of myosin A, which contained 2.8 moles of TNP- 
lysine per mole, was about 30% of the velocity of the original 
protein.# The Michaelis constant of the compound of fresh 


‘The value of ATPase activity measured under the standard 
condition of this report was almost equal to the maximal velocity. 


S. Kubo, S. Tokura, and Y. Tonomura 
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Fic. 5. Zimm plot of light scattering of fresh myosin A. Rg 
is intensity at angle 0, K, constant of light scattering, and c, con- 
centration of protein (grams per ml). X, fresh myosin A No. 15, 
0.5 m KCl, pH 6.5, 14-14.5°. 


myosin A with TBS was lower than 2 X 10-° M, whereas the 
value of the control was 1.6 « 10-4 m. 

On the other hand, when 27.6 uo fresh myosin A was incubated 
with 276 um TNP, which does not form a covalent bond with 
an amino group, instead of TBS, for 2 to 8 hours, the ATPase 
activity of isolated myosin A was unaffected by the treatment. 

The ATPase activity of aged myosin A was not affected by 
TBS so remarkably as that of fresh myosin A. For instance, 
ATPase of myosin A, which was treated by TBS after storage for 
1 week, was decreased only by 7% by the binding of 4 moles of 
TBS per mole of myosin A (Fig. 3). 

Effect of TBS-binding on Size and Shape of Myosin A'—The 
light scattering properties of myosin A solutions have recently 
been studied in detail by Holtzer and Lowey (26, 27). They 
observed that the second virial coefficient of myosin A solution 
appeared to be essentially zero. Since the same result was also 
obtained on our myosin A, the intensities of light scattered by 
myosin A were measured only at an appropriate concentration, 
i.e. about 0.25 mg per ml. The light scattering data are shown 
in Fig. 5, as an angular envelope (28). The conventional inter- 
pretation gives the weight-average molecular weight, (M),, and 
z-average radius of gyration, (r,*),4, independent of molecular 
shape. These values are collected in Table II. The (r,?),* of our 
myosin A, about 1080 A, is notably longer than the 470 A re- 
ported by Holtzer et al. The value of (M)., 5.1 x 105, agrees 
with that of Holtzer et al., but is larger than the value, 4.2 x 105, 
obtained by the Archibald approach to the ultracentrifugal 
sedimentation (17, 18). As illustrated in Fig. 6, the specific 
viscosity, 7.p, Was constant in the range of the velocity gradient, 
(G@), from 30 to 800 sec~?, but in the gradient below 30 sec- it 

5 As the size and shape of our myosin A will be discussed in de- 


tail in a separate paper, only the experimental results will be men- 
tioned in the following. 
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TABLE II 


Weight-average molecular weight, z-average radius of gyration, and 
specific viscosity of fresh myosin A* 











, ails 
Preparation No. (M)w ¢, ce Nep 
x10 | A 100 ml/g 

13 57.7 1083 
14 47.5 880 
15 48.3 1170 1.70 
17 52.3 1206 1.73 
19 49.0 1068 

Average 51.0 1081 











* Experimental conditions of measurements were 0.5 m KCl, 
pH 6.5. 
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Fia. 6. Dependence of specific viscosity of myosin A on loga- 
rithm of velocity gradient ((@)). 0.5 m KCl, pH 6.5, 20°. 
O——O, fresh myosin A No. 17, 1.62 mg per ml; X——X, fresh 
myosin A No. 15, 1.58 and 0.79 mg per ml. 
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Fic. 7. Zimm plot of light scattering of aged myosin A. Aged 
myosin A No. 14 (2 days after death of rabbit). X—— xX, con- 
trol; O-——O, TNP-myosin A (1.56 moles of bound TBS per mole 
of myosin A). 0.5m KCl, pH 6.5, 18.5-20°. 
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increased with the decrease of (@), Since the molecular weight 
obtained by the light scattering method might be affected by 
minute amounts of contaminants of high molecular weights, the 
value obtained by the ultracentrifugal analysis, 4.2 x 105, was 
adopted as the molecular weight. 

The effect of TBS on the size and shape was measured for 
several fresh preparations of myosin A, but no significant change 
was observed between those of the original and TNP-myosin A, 
The molecular weight of synthetic actomyosin of TNP-myosin 
A was also equal to the value of the original. 

As reported by Lowey and Holtzer (27), the molecular weight 
increased during storage at 0°. The increased molecular weight 
of aged myosin A decreased markedly upon the binding of 1 to 
2 moles of TBS with 4.2 x 10° g of the protein, and in favorable 
cases, it reduced to that of the monomer, 4.2 x 105 g (Fig. 7).® 
Furthermore, the molecular weight of actomyosin, which was 
composed of F-actin and aged myosin A, decreased in parallel 
with the decrease of the molecular weight of aged myosin A by 
the binding of TBS. 


DISCUSSION 


The results show clearly that among the 357 lysine residues in 
one fresh myosin A molecule (29) there are two lysine residues 
which are specifically attacked by TBS and intimately involved 
in the ATPase active site. It seems likely that these lysine 
residues are located near the —SH group, since p-chloromercuri- 
benzoate or Mersalyl depresses the rate of the binding of TBS to 
the specific €-amino group of lysine. 

Recently, Kielley and Harrington (30) obtained a value of 
2.06 x 10° g for the subunit weight of myosin A from their ultra- 
centrifugal study on myosin A in concentrated guanidine-HCl. 
This value agrees with the weight of the protein per mole of the 
specific amino group and also with the weight per mole of the 
site available to pyrophosphate binding (31) and of Ca*+ tightly 
bound to the protein.’ 

As mentioned above, not only the maximal velocity but also 
the Michaelis constant of ATPase were remarkably decreased by 
the binding of TBS with the specific amino group. This may 
be due to a stabilization of the Michaelis complex by the forma- 
tion of an intramolecular conjugate of TNP with ATP on the 
surface of the protein, as a strong attraction can be expected be- 
tween TNP and the adenine base of ATP (cf. (32)). 

The observations on aged myosin A seem to indicate that the 
amino group involved in the active site of ATPase is masked by 
aging and that TBS binds to other amino groups which may 
play some role in the formation of the myosin A polymer which 
is produced during storage. The masking of the amino group 
specific to ATPase during storage might be derived either from 
the change in the conformation around the ATPase active site, 
as suggested from the change in the properties of ATPase during 
storage (33), or from the steric effect due to the polymerization 
of myosin A. 

The relationship between the two kinds of specific amino 
groups, the one specific to ATPase and the other playing a role 
in the formation of the myosin A polymer, is not yet clarified. 
The determination of amino acid sequence around the ATPase- 
specific amino group is now in progress. 

6 The increase of the molecular weight was often observed when 
the amount of bound TBS was above 2 moles per 4.2 X 10° g pro- 


tein. The mechanism of this phenomenon is not yet quite clear. 
7§. Kitagawa, unpublished observations. 
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SUMMARY 


Trinitrobenzenesulfonate reacted specifically with two lysyl 
«amino groups in the myosin A molecule. The rate of the 
specific binding of trinitrobenzenesulfonate was depressed 
markedly by —SH-reagents. By the specifie binding of trinitro- 
benzenesulfonate the adenosine triphosphatase activity of fresh 
myosin A was reduced stoichiometrically to 30% of the original 
value, whereas the size and shape of fresh myosin A was not 
changed. On the other hand, the adenosine triphosphatase 
activity of aged myosin A was not influenced so remarkably as 
that of fresh myosin A, whereas the polymer of myosin A, which 
was produced during storage, was er by the binding 
of trinitrobenzenesulfonate. 
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Optically active isomers of amino acids and peptides with 
only one asymmetric center have been shown to exhibit no 
difference in such properties as ionization constants (1, 2) and 
stability constants of their metal complexes. Hearon et al. (5) 
reported that cobaltous asparagine and serine took up molecular 
oxygen. The oxygenation of cobaltous asparagine served as an 
example of the effect of a peptide ligand with one asymmetric 
center since it possessed an amide group and is thus peptide- 
like in structure. 

The behavior of peptides with two optically active centers is 
quite different from that of peptides with only one such center. 
Ellenbogen (1) determined the dissociation constants of the four 
isomeric alanylalanines at a constant ionic strength of 0.100 and 
found that the constants for the LL and pp isomers are identical, 
as are those of the Lp and DL isomers; this is in accord with 
theory. The pK’ values of the optically “pure” peptides (LL, 
pp), however, differ from those of the optically ‘““mixed” peptides 
(LD) (pL) (1), the difference increasing with the bulk of the 
residues attached to the asymmetric centers in the peptide (6). 
We have, therefore, studied the oxygenation properties of co- 
baltous peptide systems to determine the differences in the 
complexation of two optically active diastereomers of leucyl- 
tyrosine with cobaltous ion. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


L-Leucyl-L-tyrosine, t-Leu-u-Tyr, and _p-leucyl-u-tyrosine, 
p-Leu-L-Tyr, were obtained “chromatographically pure’ from 
the Mann Research Laboratories, New York and their specific 
rotations measured for the three lots of peptides used. The 
value for the specific rotation of t-Leu-L-Tyr was found to be 
within experimental error of the literature value, +10.4° (7). 
The value of p-Leu-t-Tyr was —15.3°.! All reagents were of 
C.P. grade, and only freshly prepared solutions were used. The 
solutions of cobaltous nitrate were analyzed by the method of 
Smith and Shriner (8). 

All pH measurements were made with a Beckman model G pH 


* Supported by Research Grant NSF G. 7447 from the National 
Science Foundation. 

+ Abstracted from a dissertation submitted by G. W. Miller 
to the Graduate School of Duquesne University in partial fulfill- 
ment of the requirements for the PhD. degree 1959. Present 
address, Harris Research Laboratories, 6220 Kansas Avenue, 
Washington 11, D. C. 

1 This value was given in the Mann Biochemical catalogue. 


meter with 5-inch external electrodes at a constant temperature 
of 25.0°. The general purpose electrode, pH 0 to 11, was used 
in the pH measurements in the range from 3 to 9, and the type 
E-2 electrode used for the range 7 to 14. The amount of oxygen 
taken up by the cobalt complexes was measured at 30.0° at 
various pH values with the use of a Warburg apparatus (9). 
The reaction flask in the procedure for the spectral determination 
of the rates of oxygen uptake was a 25-ml graduated cylinder 
immersed to the 25-ml mark in a constant temperature bath at 
30.0 + 0.1°. After addition of a certain volume of potassium 
hydroxide to a given leucyltyrosine solution, the mixture was 
equilibrated for 15 to 20 minutes in the water bath with oxygen 
bubbling through the solution. The oxygen was passed through 
a trap containing 0.15 m potassium nitrate to minimize evapora- 
tion before being passed into the reaction mixture. The cobalt 
solution was added from a pipet in a concentration such that the 
molar ratio of cobalt to leucyltyrosine was always greater than 
1:5. At appropriate time intervals, an aliquot of the reaction 
mixture was pipetted into one of a matched set of cuvettes, the 
other containing the blank, and the optical density read at the 
appropriate wave length. All light absorption was measured 
with a Beckman DU spectrophotometer equipped with thermo- 
spacers. 

The optical densities, A = log (Io/I), were measured as a func- 
tion of time, and the initial rate was determined with the equa- 
tion of Tanford et al. (10) 


dc/dt = (dA/dt)(= — 23’) (1) 


where c is the number of moles of the red oxygenated species per 
liter, 2 is its molar extinction coefficient at 5100 A or 5300 A and 
>’ is the extinction coefficient per mole of cobalt of the unoxy- 
genated cobalt complex solution, at the same wave length. The 
value of 2’ was obtained by extrapolating plots of optical density 
versus time to zero time in the oxygenation process. 

Most of the experiments were carried out at ionic strengths 
of about 0.015. Any differences in ionic strength were attribu- 
table to the addition of potassium hydroxide, since the low con- 
centration of cobaltous nitrate made very little contribution to 
the ionic strength. In determination of the effect of ionic 
strength on the reaction rates, the ionic strength was adjusted 
with potassium nitrate. 


RESULTS AND DISCUSSION 


Biester and Ruoff (3) have shown that there is no difference 
in the pK’ values between the dextrorotatory and levorotatory 
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TaBLe I 


Dissociation constants of dipeptides and formation 
constants of their cobaltous chelates* 














(CooH) | abe) | PKs(OH) | log A: | log huks 
u-Leu-L-Tyr........| 3.46 7.84 10.09 2.42 4.48 
p-Leu-L-Tyr........ 3.12 8.38 | 10.35 | 2.81 5.07 
Glycylglycine....... 8.17 3.08 5.30 
Triglycine.......... 8.09 3.14 5.44 
Tetraglycine........ 7.94 3.00 5.50 














* Data on the leucyltyrosines are taken from reference (6); 
the other data, from (11). 


amino acids and peptides with only one optically active center 
and that the cobaltous and cupric chelates of the isomeric glycyl- 
phenylalanines have within experimental error the same forma- 
tion constants. On the other hand the pK’ values of a diaster- 
eomeric pair of leucyltyrosines, and the values calculated for 
the formation constants of their cobaltous complexes, are quite 
different and are given in Table I along with data on similar pep- 
tides. The formation of the complex between cobaltous ion and 
leucyltyrosine is a two-step mechanism according to the follow- 
ing equations 


Co** + LT- = Co(LT)*; k, = [Co(LT)*]/(Co**)(LT~) 
Co(LT)+ + LT- = Co(LT)2; kz = [Co(LT)2]/[Co(LT)*|[LT-} 


A plot of % versus pA where # is the number of ligands bound 
per metal ion and pA = —log (LT-), has shown that two ligands 
were bound to the cobaltous ion. 

The similarity in the log kik. values for the cobalt complexes 
of the glycine peptides and the leucyltyrosines indicate that the 
binding sites are the same. In order for the hydroxyl group on 
the tyrosyl residue to participate in chelation, a much higher pH 
must be attained than any used in our measurements (6). The 
sites of coordination for the cobaltous ion-glycine peptide system 
have been shown (11) to be the terminal amino group and the 
immediately adjacent amide group. 

Optically active isomers of amino acids and peptides with only 
one asymmetric center also show no difference in the absorption 
spectra of their oxygenated metal complexes. Thus, the spectra 
of the oxygenated cobalt complexes of the isomeric asparagines 
and serines were measured and found to exhibit maxima at 5350 
A for p- and L-asparagine and 5550 A for p- and L-serine. 

When an alkaline solution of the cobalt complex of one of the 
leucyltyrosines was allowed to come into contact with air, the 
pale pink of the original solution was converted to a deep red. 
This observed behavior was similar to that of histidine, glycyl- 
glycine, asparagine, and several other amino acid and peptide 
complexes of cobalt. However, different red colors developed 
for the diastereomeric leucyltyrosine complexes. The p-Leu-t- 
Tyr complex developed a red-rose color and the t-Leu-1-Tyr 
complex, a deep red-violet color upon exposure to oxygen. If 
the solution of the cobaltous complex of either of the leucylty- 
rosines was adjusted to an initially high pH, 9.0 or more, a num- 
ber of color changes were observed. Upon oxygenation, the 
solution first became amber-brown; then, consecutively, brown, 
rust, and finally the red color of the fully oxygenated complex. 

The brown-colored complex usually had an existence of 10 to 
60 minutes, but this time could be shortened or extended by 
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altering the pH. If, after several minutes, the pH of the solu- 
tion was lowered to about 4 or 5, the brown color disappeared, 
and left a red color more intense than that of the cobaltous com- 
plex solution before oxygenation. The brown intermediate 
formed during oxygenation had a very intense peak at 3300 A 
for both the t-Leu-L-Tyr and p-Leu-t-Tyr cobalt complexes. 
At low pH (pH of about 7.0 to 8.3 for t-Leu-L-Tyr and 7.3 to 
8.6 for p-Leu-L-Tyr), no brown color appears during oxygenation, 
but the red final product is formed directly. The absorption 
spectra of the diastereomeric complexes before and after full 
oxygenation are given in Fig. 1 (LT = 0.0144 m, KOH = 0.0087 
M, low pH). The absorption of the unoxygenated complex of 
p-Leu-L-Tyr has a maximum at 4900 A and the maximum of the 
unoxygenated complex of t-Leu-t-Tyr is at 5100 A. In the 
process of oxygenation there is a shift of 200 A in each case, the 
oxygenated D-Leu-t-Tyr having a maxium at 5100 A and the 
oxygenated t-Leu-L-Tyr a maximum at 5300 A. There is also 
a peak at 3950 A in the oxygenated L-Leu-L-Tyr complex which 
is less intense than at 5300 A. At 3950 A in the oxygenated 
p-Leu-L-Tyr complex there is a shoulder. 

The oxygen uptake of the cobalt t-Leu-u-Tyr and p-Leu-t-Tyr 
complexes at low and high pH is shown in Fig. 2 (LT = 0.0152 
mM, KOH = 0.0081 m) and Fig. 3 (LT = 0.0152 m, KOH = 0.0162 
M), respectively. A correlation exists between the oxygen uptake 
and the increase in intensity of the red color with oxygenation, 
as shown in Fig. 4, for a solution at low pH (0.0152 m L-Leu-1- 
Tyr, 0.0081 m KOH, 0.00313 m Co(NOs)e; un = 0.15). The data 
obtained show that the development of the red color (optical 
density measured at 5300 A) coincides with the oxygen uptake, 
and consequently serves as a measure of the formation of the 
oxygenated cobalt complex. Quantitative data on the oxygen 
uptake by the cobaltous leucyltyrosine complex, obtained by use 
of a Warburg apparatus, have shown that 1 mole of O2 was ab- 
sorbed for every 2 moles of Co*+*+. Thus, in the oxygenated com- 
plex, the ratio of O2.:Co: LT is 1:2:4. 

Rate of Formation of Oxygenated Complex at Low pH—Both 
the red and brown species of the oxygenated cobalt leucyltyrosine 
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Fic. 1. Spectra of the oxygenated and unoxygenated cobalt 
leucyltyrosines. Co(NOs;)2, 0.0011 m; leucyltyrosine, 0.0144 m; 
KOH, 0.0087 m. ----, Co (p-Leu-L-Tyr)3; , Co(t-Leu-L- 
Tyr)2. Curves I, IT: oxygenated; Curves III, IV: unoxygenated. 
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Fig, 2. Relation of oxygen uptake of the cobalt-leucyltyrosine 
systems at low pH. Co(NO;)2, 0.0031 m; leucyltyrosine, 0.0152 
m; KOH, 0.0081 m. Curve I, u-Leu-t- Tyr, pH 7.40; Curve II, v- 
Leu-t- -tyr, pH 7.92. 





N 
3,) 
°o 


$ 


w 
Oo 





ML OF OXYGE 


bo] 
So 


fo} 











0 10 20 
TIME, HOURS 
FIG. 3 


Fig. 3. Relation of oxygen uptake of the cobalt-leucyltyrosine 
systems at high pH. .Co(NO;)2, 0.0031 m; leucyltyrosine, 0.0152 
mM; KOH, 0.0162 m. Curve I, u-Leu-t-Tyr, pH 10.55; Curve II, 
p-Leu-t-Tyr, pH 10.72. 
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Fia. 4. Relation of oxygen uptake with red color development 
(u-Leu-L-Tyr, 0.0153 m; KOH, 0.0081 m; Co(NOs)2, 0.00313 m; 
uw = 0.15). @, oxygen, short term run; O, oxygen, long term run; 
X, red color development, from optical density at 5300 A. 
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were found to conform to Beer’s law; thus, the intensity of the 
maximal absorption peak of the oxygenated cobalt t-Leu-u-Tyr 
and p-Leu-L-Tyr complexes, 5300 and 5100 A, respectively, may 
be used as an accurate measure of the concentration of the de- 
velopment of the red species. 

If the development of the red color of the oxygenated cobalt 
complexes was followed spectrophotometrically for several days, 
changes in the rate were noticed; i.e. the rate was nearly constant 
for about 10 to 50 minutes, depending on the concentrations of 
the reactants, and then the rate decreased until about 85% of 
the reaction had been completed. The rate then increased 
slightly until 95% of the reaction was complete, and finally be- 
came zero. Since this kinetic behavior seemed quite complex, 
only the initial rates of oxygenation were studied to obtain an 
unequivocal basis for the comparison of the rates of oxygenation 
of the cobalt t-Leu-L-Tyr and p-Leu-L-Tyr systems. 

Since the appearance of the brown-colored species was not 
generally apparent in the pH range of 7.0 to 8.5, the direct for- 
mation of the red species could be followed in this range. The 
value of 2 was 640 for the oxygenated cobalt p-Leu-L-Tyr com- 
plex at 5100 A, and 804 for the cobalt t-Leu-L-Tyr oxygenated 
complex at 5300 A. The values for 2’ varied with the concen- 
trations of the constituents in the initial reaction mixture. The 
initial rates for the reaction of oxygen with the cobaltous ion- 
leucyltyrosine systems at low pH are given in Table IT. 

Interpretation—Consideration of the folding and unfolding 
processes which occur in dipeptides as a function of pH leads 
to the following conclusions. In the alkaline pH region ap- 
proaching the pK,’ value of the dipeptide, the linear forms of 
the isomeric leucyltyrosines are the predominant. configuration. 
The leucyl and tyrosyl residues are trans to the amide bond in 


TaBLeE II 


Initial rates for the reaction of oxygen with cobaltous 
ton-leucyliyrosine systems 


























Concentration, mu p-Leu-t-Tyr t-Leu-1-Tyr 
| Ionic strength TF : 
KOH Co(NOs)s gma: | Tt) ee (et 
| 

| | X 108 X 108 
8.10 | 0.88 0.016 8.47 | 1.30 | 7.98 LZ 
8.10 1.78 0.016 8.32 3.45 | 7.92 4.51 
8.10 2.68 0.016 8.15 6.01 | 7.87 8.41 
8.10 3.57 0.016 7.97 9.07 | 7.81 | 13.0 
11.0 2.62 0.14 8.37 9.44 | 7.62 | 14.94 
8.80 2.62 | 0.014 8.17 4.21 | 7.51 9.10 
6.60 2:02 | 0.014 7.88 1.21 | 7.40 5.80 
4.40 | 2.62 | 0.014 7.62 0.41 | 7.05 0.98 
13.32 | 1.78 | 0.016 8.61 | 10.5 | 8.23 | 17.8 
13.32 1.78 | 0.16 8.60 | 15.30 | 8.24 | 27.0 
13.32 1.78 1.00 8.62 | 24.4 8.24 | 60.0 
13.32 0.88 | 0.16 8.71 | 4.45 | 8.33 6.45 
13.32 oy: a 0.16 8.60 | 15.5 8.23 | 27.0 
13.32 2.68 0.16 8.52 | 29.5 8.16 | 46.5 
13.32 3.57 | 0.16 8.45 | 42.7 8.08 | 69.5 
13.32 2 aa 0.16 8.60 | 5.8t | 8.23 8.1f 
13.32 | 2.68 | 0.16 8.52 | 7.7¢ | 8.16 | 13.0f 





* The initial reaction rate is given in moles of the red species 
per liter per minute, and is calculated from Equation 1. The 
peptide concentration was 15.23 mm in all the determinations. 

+ Air instead of pure oxygen was used here for oxygenation. 
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the DL isomer and cis in the LL isomer in this pH region and thus 
a difference in their coordination with the cobalt ion due to steric 
factors would result. These steric factors would then make the 
coordination electrons between the two dipeptides and cobalt 
“energetically” different and produce a slight difference in light 
absorption which is evidenced by the difference in the wave 
length of maximal absorption for each of the oxygenated cobalt 
complexes of the diastereomeric leucyltyrosines. 

The “pure” peptide complex of cobalt seems to form the red 
color more readily than the “mixed” peptide. This may be 
interpreted in two ways. Either the oxygen is taken up faster 
in the “pure” peptide cobalt complex, or it has a much higher 
extinction coefficient than that of the “mixed” complex. As the 
data show, both of these explanations were found to be true. 
This is evidenced by the rates of oxygenation given in Table II, 
and the absorption data given in Table III. 

The greater rate of oxygen uptake by the cobalt t-Leu-1-Tyr 
over the p-Leu-L-Tyr complex may be accounted for again by 
the steric effect of the p-Leu-L-Tyr molecule and greater stability 
of the Co-p-Leu-t-Tyr complex. From models, it can be seen 
that the cis positions of the leucyl and tyrosyl residues of the 
L-Leu-L-Tyr peptide in the linear form coordinated with cobalt 
will permit a backside attack on the complex by oxygen. The 
trans position of the leucyl and tyrosyl residues of the p-Leu-t- 
Tyr in the linear form inhibits an attack of this sort. 

The data of Table II show that the reaction rate is approxi- 
mately proportional to the 3/2 power of the total cobalt concen- 
tration and second order with respect to hydroxyl ion. Since 
the final product of oxygenation contains 1 molecule of O2 and 2 
cobalt atoms, like the cobalt glycylglycine oxygenated complex, 
one would expect a reaction of second order in cobalt if the re- 


TaBLeE III 


Wave length of maximal absorption and extinction 
coefficients for various cobalt complexes 














Extinction 
Compound | Sees 
cobalt 
Co(NOs)2 5100 4.9 
Co(p-Leu-.-Tyr) 2 4900 48.4* 
Co(t-Leu-L-Tyr) 2 5100 33.8* 
Oxy-Co(p-Leu-L-Tyr):2 (red) 5100 320 
Oxy-Co(L-Leu-.-Tyr):2 (red) 5300 402 
Oxy-Co(p-Leu-L-Tyr):2 (brown) 3300 2300 
Oxy-Co(uL-Leu-t-Tyr)2 (brown) 3300 {1900 
Oxy-Co(glycylglycine).2 (red) 5200 384 (10) 
Oxy-Co(glycylglycine)» (brown) 3500 (4000 (10) 
Oxy-Co(t-leucine):. (red) 5450 54 
Oxy-Co-(L-tyrosine)2 (red) 5200 42 
Oxy Co(p-asparagine)>. (red) 5350 23 
Oxy-Co(L-asparagine). (red) 5350 14 
Oxy-Co(p-serine)» (red) 5550 104 
Oxy-Co(u-serine)» (red) 5550 93 
Oxy-Co(glycinamide). (red) 5000 90.2 
Oxy-Co(Gly-Gly methyl ester). (red) 5200 234 
Co(histidine) » 4860 19.4 (5) 
Oxy-Co(histidine), (red) 4900 125 (5) 
Oxy-Co(histidine)» (brown) 3850 {1620 (5) 





* These were determined by mixing cobaltous nitrate with an 
alkaline solution of leucyltyrosine in vacuo and sealing the cuvette 
under vacuum. 


G. W. Miller, B. T. Gillis, and N.C. Li 
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SQUARE ROOT OF IONIC STRENGTH 


Fia. 5. Effect of ionic strength on the initial reaction rate be- 
tween oxygen and cobalt leucyltyrosine systems (rate given in 
moles of the red species per liter per minute). Co(NOs)2, 0.00178 
mM; KOH, 0.01332 m. X, L-Leu-t-Tyr, pH 8.61; O, p-Leu-t-Tyr, 
pH 8.24. 


action occurs in a single step. The observed 3/2 order thus 
indicates the reversible formation of an intermediate, preceding 
conversion to the final product, and is in complete agreement 
with that found for the oxygenated glycylglycine complex (10). 
The second order dependence of the reaction on hydroxyl ion 
correlates with the presence of two hydroxy] ions in the oxygen- 
ated complex. However, this second order dependence may be 
the summation of the reaction rates of both the oxygenated and 
unoxygenated complex. The effect of ionic strength on the ini- 
tial rate of oxygenation (data from Table IT) is shown in Fig. 5. 
The observed value of d log rate /du} is about 0.5, again in agree- 
ment with the value found for glycylglycine (10). 

The first order decay of the brown species, believed to be an 
intermediate in the oxygenation and similar in behavior to the 
intermediate oxygenation product of cobalt glycylglycine at high 
pH (10), shows that the brown species may be precursor at high 
pH to the red complex formed at low pH. The faster decay of 
the brown species and consequent formation of the red product 
in the oxygenation of the cobalt t-Leu-u-Tyr over that of the 
cobalt p-Leu-t-Tyr clearly shows that the brown species is indeed 
an intermediate in the formation of the red product at high pH. 


SUMMARY 


1. The presence of two asymmetric centers in a dipeptide, such 
as leucyltyrosine, which has bulky substituents attached to the 
asymmetric carbon atom, leads to marked differences in the 
physical properties of the diastereomeric forms of the dipeptide 
itself and of its metal chelates. Such differences are apparent 
in: (a) dissociation constants of the dipeptides; (6) formation 
constants of the metal-dipeptide complexes; (c) positions and 
intensities of the absorption bands of the oxygenated cobaltous 
chelates; (d) rates of oxygen uptake. 

2. The ratio of O2:Co:leucyltyrosineis 1:2:4 in the complexes. 

3. The kinetics of the oxygenation of the cobalt leucyltyrosine 
complexes were measured. The t-leucyl-t-tyrosine complex al- 
ways takes up oxygen, under similar conditions, faster than the 
p-leucyl-L-tyrosine complex. The rate was found to be 3/2 order 
with respect to cobalt and second order with respect to hydroxy] 
ion. The rate increases about 3-fold in increasing the ionic 
strength from 0.016 to 1.00. 
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4. The differences between the diastereomers are interpreted 6. 


in terms of the spatial geometry of the dipeptide. 
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Biochemistry of Anuran Metamorphosis 


VII. CHANGES IN SERUM PROTEINS DURING SPONTANEOUS AND INDUCED METAMORPHOSIS* 


ALBERT E. HERNERt AND EARL FRIEDEN 


From the Department of Chemistry, Florida State University, Tallahassee, Florida 


(Received for publication, April 1, 1960) 


In the evolution of the vertebrates, amphibia bridge the gap be- 
tween the fresh water fishes and the land dwelling reptiles. 
Further, most of the Anura undergo metamorphosis, which es- 
sentially consists of the transformation of a fresh water form, the 
tadpole, into a terrestrial form, the frog or toad. Accordingly, 
the study of the frog and its larval forms provides an excellent 
vantage point for the study of comparative biochemistry. 

Biochemical measurements of the changes accompanying ver- 
tebrate metamorphosis have been briefly reviewed by Wald (2). 
A review dealing specifically with amphibian metamorphosis 
will appear in the literature. 

Previous studies of protein changes during amphibian meta- 
morphosis have dealt with variations in enzymic activities (cf. 
(3, 4, 5)) and changes in the hemoglobins (6, 7). In the light of 
these changes and the general cellular differentiation which ac- 
companies metamorphosis, it is of interest to examine the serum 
proteins for ramifications of the changing requirements of the 
differentiating cells. In addition, the change toward a morpho- 
logically more complex animal, living in a different environment, 
would conceivably also be contributory to a changing serum 
protein distribution. 

A difference between the serum protein complement of tadpoles 
and frogs is suggested by the observation of Braus (8) that anti- 
sera against adult tissue extract of Bombina variegata failed to 
react with tissue extract of the tadpoles of the same species. 
However, in a similar study, Wilkoewitz and Ziegenspeck (9) 
were unable to distinguish between the adult and larval stages of 
Rana esculenta. 

Preliminary reports from this laboratory on changes in the 
electrophoretic patterns of serum proteins during anuran meta- 
morphosis have appeared (10, 11). This paper presents the 
changes in the nature and content of serum proteins for a wide 
spectrum of stages and species of anurans. 


EXPERIMENTAL PROCEDURE 


Methods and Materials 


Animals—Rana grylio (southern bullfrog) and Rana heckscheri 
(swamp frog) tadpoles and frogs were collected locally. Rana 


* Supported in part by Grant No. C-3006 from the United States 
Public Health Service. This work represents a portion of the 
dissertation submitted by Albert E. Herner to the Graduate School 
in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy. 

The previous paper in this series is concerned with changes in 
nucleic acid metabolism (1). More general information on the 
biological events involved appears in References 2, 15, 19, 21, 22, 
and 31. 

+ Present address, Faculté des Sciences, Université libre de 
Bruxelles, Bruxelles, Belgique. 

1T. P. Bennett and E. Frieden, in preparation. 


catesbeiana (North American bullfrog) tadpoles and frogs were 
purchased from the Lemberger Company, Oshkosh, Wisconsin, 
and the Carolina Biological Supply Company, Elon College, 
North Carolina. Rana clamitans (green frog) frogs wereobtained 
from the Florida area, and Xenopus laevis (smooth clawed frog) 
frogs from Jay E. Cooke, Cockeysville, Maryland. Xenopus 
laevis tadpoles were hatched in the laboratory from fertilized 
eggs produced by treatment of the adult frogs with a chorionic 
gonadotrophin preparation obtained from Armour and Company, 
Chicago, Illinois. 

Tadpoles subject to induced metamorphosis by treatment with 
Ts? were injected intraperitoneally once with 10 yl per g of 
body weight of a 10-* m solution using a syringe fitted with a 
No. 27 needle. 

Studies were conducted upon groups of animals arranged ac- 
cording to the stage of metamorphic development. Animals des- 
ignated in Table I to be in early metamorphosis were tadpoles 
with very little hind leg development, reflected by a low L/T 
ratio. Intermediate animals were those with both appreciable 
hind leg development and remaining tail. Postmetamorphic frogs 
were animals which had just completed spontaneous metamor- 
phosis, the last vestige of tail being resorbed and the animals 
having the appearance of diminutive though completely formed 
frogs. The term adult frog refers to the reproductively mature 
animal. Weights are indicated for the Xenopus frogs since the 
3-g frog is larger than the postmetamorphic animal and the 20-g 
animal is smaller than the full grown adult. 

The T;-treated animals were treated by injection as previously 
described and maintained for the number of days indicated in 
Table I without further treatment before bleeding. Appropriate 
control experiments were performed for R. heckscheri, the tad- 
poles being treated by injection with a 0.70 g/100 ml solution 
of saline instead of T;. Results obtained for these animals were 
in all respects similar to the untreated tadpoles at early meta- 
morphosis. 

Collection of Blood and Sera—Tadpoles were first immobilized 
by immersing in a 1:3000 solution of tricaine (Sandoz Pharma- 
ceuticals, Hanover, New Jersey) for 5 minutes. Frogs were 
anesthetized with ether. The hearts of the animals were exposed 
and the pericardial cavity dried with tissue paper to minimize 
contamination of samples by body fluids. A collecting tube, 
made from 5-mm soft glass tubing extended to a capillary, then 
was inserted by means of the capillary tip into the conus arteri- 
osis. Heart action pumped blood up the tube. It was found that 
yields could be appreciably increased if, after a minute, the tube 


2 The abbreviations used are: L/T ratio, ratio of hind leg length 
to tail length; A/G ratio, ratio of per cent albumin to per cent 
globulin; T; , 3,5,3’-triiodo-L-thyronine. 
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Changes in hind-leg to tail and albumin to globulin ratios during anuran metamorphosis 


Serum Proteins during Anuran Metamorphosis 


TABLE I 


Vol. 235, No. 10 





Designation 


No. of animals 

















| Description L/T Ratio* A/G Ratio* 
Rana grylio | | 
Tadpole-1 9 Early metamorphosis | 0.09 + 0.04 0.12 + 0.03 
Tadpole-2 3 3 days after T; injection 0.18 + 0.03 0.16 + 0.04 
Tadpole-3 6 5 days after T; injection | 0.28 + 0.08 0.22 + 0.05 
Tadpole-4 4 6 days after T; injection | 0.36 + 0.07 0.35 + 0.08 
Tadpole-5 3 Intermediate | 1,22 + 0.12 0.54 + 0.14 
Frog-1 7 Postmetamorphosis 0.81 + 0.11 
Frog-2 3 Adult | 0.90 + 0.01 
Rana catesbeiana 
Tadpole-6 5 Early metamorphosis | 0.04 + 0.03 0.12 + 0.02 
Tadpole-7 7 6 to 7 days after T, injection | —-0.39 & 0.09 0.23 + 0.08 
Frog-3 4 Postmetamorphosis 0.64 + 0.09 
Frog-4 4 Adult 0.70 + 0.07 
Rana heckscheri 
Tadpole-8 10 Early metamorphosis 0.11 -+ 0.02 0.02 + 0.02 
Tadpole-9 3 1 day after T, injection | 0,07 + 0.02 0 
Tadpole-10 5 2 days after.T; injection 0.10 + 0.05 0.08 + 0.05 
Tadpole-11 7 3 days after T; injection 0.14.4 0.05 0.07 + 0.02 
Tadpole-12 3 5 days after T; injection 0.18 + 0.03 0.09 + 0.02 
Tadpole-13 6 6 days after T; injection | 0.41 + 0.16 0.11 + 0.03 
Tadpole-14 2 Intermediate | 0.60 0.14 
Frog-5 5 Adult 0.48 + 0.05 
Rana clamitans | 
Frog-6 2 Adult | 0.31 
Xenopus laevis | 
Tadpole-15 12> Early metamorphosis | 0.20 
Frog-7 2 Weight ca. 3 g. 0.52 
Frog-8 | 2 Weight ca. 20 g. 1.49 





* Including standard deviations: ¢o = / eRe 
nr — 
*’ Two groups of 6 animals each. 


was removed, most of the capillary broken off, and the tube re- 
inserted into the original puncture. 

To obtain samples from the Xenopus laevis tadpoles the dermal 
layers covering the pericardial cavities were removed and the in- 
tact cavities were punctured with melting point tubes extended 
to fine capillaries. After rupture of the blood vessels within the 
cavity, blood, probably partially mixed with body fluids, col- 
lected in the tube by virtue of heart action and capillarity. 

Blood samples for all of the animals were collected for a period 
of 20 to 30 minutes. This time interval was sufficient both for 
maximal yield and to allow for complete clotting within the col- 
lecting tubes. Clots were separated from the sera by centrifu- 
gation at room temperature, 

Paper Electrophoresis—The method used was that of Jencks, 
Durrum and Jetton (12) as modified by Downs et al. (13), using 
the Spinco paper electrophoresis apparatus (Spinco Division, 
Beckman Instruments, Inc., Palo Alto, California) with barbital 
buffer containing Sterox SE (Aloe Scientific, St. Louis, Missouri), 
0.2 m1/100 ml of buffer. 

The volumes of serum used for each group generally were de- 
pendent upon the relative protein concentrations and are given 
in the legends of Figs. 1 to4. The A/G ratio of R. catesbeiana frog 
serum was found to be unaffected by differences of as much as 
4-fold in volume.’ 


* A. E. Herner, Ph.D. dissertation, Florida State University, 
1960. 


Total Serum Protein Concentration—Total serum protein was 
determined as the trichloroacetic acid precipitable nitrogen 
(x 6.25) and by the biuret method of Gornall et al. (14) modified 
to a semimicro scale. The latter procedure was simpler and gave 
better precision. Total protein values for the Xenopus animals 
were estimated from the area under the electrophoretic patterns. 

Determination of Albumin to Globulin Ratio—In work with 
human sera, Downs et al. (13) have shown that the values for the 
relative percentage of albumin, from the electrophoretic patterns 
using the methods discussed previously, are comparable to al- 
bumin levels found from salt precipitation methods. Accord- 
ingly, the values for the A/G ratios given in Table I are derived 
from the electrophoretic patterns and are averages of the ratios 
of the area under the fastest moving fraction to those under all 
the remaining fractions. 

Electrophoretic Patterns—The original ‘electrophoretic patterns 
are densitometric tracings prepared: from the bromophenol 
blue stained paper strips (see’ Fig: 5) upon which the electro- 
phoretically separated serum proteins are adsorbed. Figs. 1 to 
4 are composite drawings derived from the original electropho- 
retic patterns. The-number of animals from which sera were ob- 
tained to prepare the electrophoretic patterns is indicated in 
Table I as is a brief deseription of the designated groups to 
which the animals belong. Each serum sample was run in du- 
plicate when sufficient serum was available. In preparing the 
composite patterns, points were selected at the maxima, minima, 
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and plateaus of the original electrophoretic patterns, the dupli- 
cate values averaged for each sample and then.a mean and the 
standard deviation determined for each point: for the. several 
animals in the group. A smooth curve is: drawn through these 
mean values. The standard deviation for each point is repre- 
sented by the vertical bars drawn through the. points. Where 
standard deviations are not indicated there are but two animals 
in the respective groups. : 

The patterns for the Xenopus laevis tadpole (tadpole-15, Fig. 
4) represent pooled samples from two groups of six-animals each. 
This number of animals. was required to obtain.a sufficient. sam- 
ple (100 yl) to determine the protein distribution. A: human 
serum pattern is included in Fig. 4 for the. purpose of compari- 
son. : 


RESULTS 


Increase in A/G Ratio and Albumin Concentration 
with Metamorphosis 


The most striking change in the four species studied is the 
increase in, and the eventual predominance of, the fastest mov- 
ing fraction, corresponding to the increasing metamorphic de- 
velopment of the tadpoles. This fraction has the same electro- 
phoretic mobility as human serum albumin in the case of the 
Ranidae and also shares the intensive staining properties. of 
human serum albumin. Under our experimental conditions 
the fraction has an anodal migration of 7 em for the Ranidae 
and 8 cm for the Xenopus samples. - 

The migration of this fraction remains relatively constant for 
all stages of a given species so that its evolution may be con- 
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Fic. 1. Composite electrophoretic patterns for the serum pro- 
teins of Rana heckscheri at various stages of metamorphosis. 
Spontaneous metamorphosis: tadpole-8, early metamorphosis; 
tadpole-14, intermediate; and frog-5, adult. T;-induced meta- 
morphosis: tadpole-11 and -13, 3 and 6 days after Ts injection. 
Details for the group designations are in the text and Table I. 
Globulin Fractions a, b, c, and d are indicated. The fraction with 
the greatest migration is the albumin. Serum volumes: tadpoles, 
40 pl and frog-5, 20 ul. 


‘A. E. Herner and E..Frieden 
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Fic. 2. Composite electrophoretic patterns for the serum pro- 
teins of Rana grylio at various stages of development. Spon- 
taneous metamorphosis: tadpole-1, early metamorphosis; tad- 
pole-5, intermediate; frog-1, postmetamorphosis; and frog-2, 
adult. T,-induced metamorphosis: tadpoles-2, 3,'and 4, respec- 
tively, 3, 5, and 6 days after T; injection. The volume of serum 
applied was 20 ul in all cases. 
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veniently surveyed as the tadpole develops into the adult frog. 
Further, it has the same migration for all stages of the Ranidae 
species studied. The actual chemical relationship of the fast 
moving fractions to each other or to human serum albumin is 
open to conjecture; however, based on identical electrophoretic 
mobilities, we may postulate that they are similar. Along these 
lines, this fraction in the Xenopus animals would appear to be 
less similar to human serum albumin. However, as Anfinsen 
(15) points out, these differences may not be of the kind which 
involve the functionally critical parts of the serum albumin 
structure. In this paper, we shall refer to the fastest moving 
fractions as albumins and the remaining fractions as globulins. 
Changes in A/G Ratio and Albumin Concentration in R. hecks- 
cheri—Changes in the R. heckscheri patterns (Fig. 1) are most 
dramatic in that the young tadpole (tadpole-8) starts with an 
extremely low level of albumin (7 X 10-* g/100 ml) which in- 
creases to a level of 0.7 g/100 ml in the mature adult (frog-5). 
This is reflected in an increase in the A/G ratio from 0.02 to 
0.48 (Table I). This effect is deemphasized in Fig. 1 since only 
half the volume of serum was applied to the paper strips for 
frog-5 (20 ul) as for the R. heckscheri tadpoles (40 yl). The in- 


‘This extremely low level of albumin in tadpole-8 led us to 
speculate that a portion of the albumin might be trapped by asso- 
ciation with a globulin, e.g. Fraction d. However, the addition 
of varying amounts of human albumin to the sera of tadpole-8 
showed, upon electrophoresis, that this albumin moved to the 
appropriate albumin position and independently of the globulins. 
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termediate animal (tadpole-14) falls into place with respect to 
the height of the albumin peak and a value of the A/G ratio of 
0.14. The increase in albumin coincides with the progress of 
spontaneous metamorphosis. 


Rana catesbeiana 
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Fic. 3. Composite electrophoretic patterns for the serum pro- 
teins of Rana catesbeiana at various stages of development. Tad- 
pole-6, early metamorphosis, tadpole-7, 6 to 7 days after T; 
injection; frog-3 postmetamorphosis; and frog-7, adult. Twenty 
ul of serum were applied for the tadpoles and 10 ul for the frogs. 
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Fic. 4. Composite electrophoretic patterns for the serum pro- 
teins of Xenopus laevis at three stages of normal development, 
and for the adult Rana clamitans. The albumin peak for the X. 
laevis animals is displaced to the right of the position for this 
peak in the Ranidae and adult human sera which is shown. Two 
peaks are present in the albumin area in the serum of the adult 
R. clamitans. Serum volumes: tadpole-15, 100 ul; frogs-6, 7, and 
8, 20 wl; and adult human, 10 ul. 
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For metamorphosis induced by T; there is no noticeable A/G 
effect after an incubation period of 1 day (tadpole-9, Table J) 
but at 2 days (tadpole-10) there may be a statistically significant 
increase (Fischer t¢ test; P of less than 0.10) in the A/G ratio from 
that of the untreated young animal (tadpole-8). This precedes 
any significant morphological effect. There is no further increase 
in the A/G ratio for an incubation period of an additional day 
(tadpole-11), but after this there is a gradual increase so that the 
values for tadpole-11 and tadpole-13 appear to be statistically 
different (P = 0.1). 

It appears that in R. heckscheri the morphological response to 
Ts is gradual. During the first 5 days of incubation, the L/T 
ratio increases by a factor of two. The L/T ratio increases 
quite rapidly for the next 2 days, more than doubling again, 
On the other hand, response on the part of the A/G ratio is 
maximal during the second 24 hours of incubation, increasing 
only slowly thereafter. 

There is evidence of a fraction in the R. heckscheri frog serum 
with almost as great a mobility as the major albumin fraction, 
This can be seen as a shoulder on the globulin side of the albu- 
min peak in Fig. 1 (frog-5). It can be seen more clearly by 
reference to Fig. 5, which is a photograph of typical paper strips 
for frog-5 and the other R. heckscheri groups. This fraction and 
the intensely stained albumin fraction are indicated by the 
arrows on the frog-5 strip. The former fraction is not present 
in the other R. heckscheri animals. 

Changes in A/G Ratio and Albumin Concentration in R. grylio 
and R. catesbeiana—R. grylio (tadpole-1) and R. catesbeiana 
(tadpole-6) tadpoles have a higher A/G ratio (0.12 for both) 
and higher albumin concentrations (R. grylio = 0.15 g/100 ml, 
R. catesbeiana = 0.12 g/100 ml) than the comparable R. hecks- 
cheri tadpole (tadpole-8). The A/G ratios in the mature ani- 
mals of both of these species (frog-2 and frog-4) are also at 
higher levels than the corresponding values for the frog of R. 
heckscheri. The albumin concentrations for the frogs of R. 
grylto and R. catesbeiana are similar (about 1 g/100 ml) and 
higher than that for the R. heckscheri frog (see above). 

The response of R. grylio to T; treatment was tested as a fune- 
tion of time. Reference to Table I indicates that both the 
morphological response and the rate of increase of the A/G 
ratio were approximately linear, differing from R. heckscheri 
discussed above. However, the L/T ratio increased by a factor 
of four for both species over the total 5- or 7-day incubation 
period. Similarly, the A/G ratio of R. grylio increased by a 
factor of three and that of R. heckscheri by a factor of five, al- 
though the R. heckscheri ratios (tadpole-8) are subject to a par- 
ticularly large experimental variation. 

The morphological response of R. catesbeiana tadpoles to 
T; treatment was similar to that of R. grylio and R. heckschert 
though the A/G ratio of the former increased by a factor of 
only two. 

Included in Figs. 2 and 3 and Tables I and II are results ob- 
tained for the species R. grylio and R. catesbeiana both for post- 
metamorphic frogs (frog-1 and frog-3) and for the mature ani- 
mals (frog-2 and frog-4). The data for these species show that 
after the animals complete metamorphosis their serum protein 
picture remains essentially unchanged. Growth of the animals 
does not lead to any further change either in the distribution of 
these proteins or the total concentrations. 

Two distinct, lightly stained bands were invariably found i 
the albumin region for tadpoles-1 and -2 of R. grylio. Just one 
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Rang heckscheri 
TADPOLE -8 


TADPOLE - 14 





Fic. 5. Top five strips, Rana heckscheri. The albumin peak in 
tadpole-8 is very small, increasing during metamorphosis to a 
maximum in frog-5. In this-latter group, there is a less densely 
staining fraction moving almost as fast and merging with the 
deeply stained main albumin fraction (see arrows). 

Bottom three strips, Xenopus laevis. The changes in the serum 
proteins of the fully metamorphosed animal upon maturation can 
be seen by a comparison of the strip for the small frog (frog-7) 
with that for the larger frog (frog-8). 


band was evident in the albumin region of the more advanced 
R. grylio and in all of the R. catesbeiana. 

Changes in A/G Ratio of X. laevis—The electrophoretic pat- 
terns of the X. laevis animals are presented in Fig. 4 and the 
A/G data in Table I. Typical bromophenol blue stained paper 
strips are shown in Fig. 5. The A/G ratio for the tadpoles of 
this species (tadpole-15) is considerable (0.20). It increases to 
0.52 with the completion of metamorphosis. At variance with 
the Ranidae species discussed above, the A/G ratio and the 
total protein concentration continues to increase as the frog 
matures. The A/G ratio reaches 1.49 and the total protein 
concentration becomes 3.5 g/1C0 ml for the 20-g frog (frog-8). 

Albumin in R. clamitans Frog—Presented in Fig. 4 is a com- 
posite electrophoretic pattern for the sera of R. clamitans frog. 
It is similar to a pattern obtained by Dessauer and Fox (16) for 
this animal by a comparable method. This pattern is interest- 
ing because of the relatively low albumin fraction and the ap- 
pearance of two distinct peaks in the albumin area. The low 
relative proportion of albumin is associated with a correspond- 
ingly low total serum protein concentration of 1.58 g/100 ml 
reported by Boyden and Noble (17). The adult R. catesbeiana, 
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with a much higher albumin peak, also has a larger total serum 
protein concentration of 2.56 g/100 ml. Boyden and Noble (17) 
have reported a similar value of 2.66 g/100 ml for the total 
serum protein concentration of the R. catesbeiana frog. 

Changes Among Globulins of Ranidae—Because of the multi- 
plicity and interactions of the globulins (18), the changes which 
take place in these proteins during metamorphosis must be in- 
terpreted cautiously. A change in the amount of a given frac- 
tion may be the result of either a change in chemical structure 
which will affect its mobility or its tendency to interact with 
other materials, or to an actual increase or decrease in the rate 
of biosynthesis of this fraction. Subject to these reservations 
the globulin fractions have been arbitrarily labeled, in order of 
increasing mobility, from a to d in Figs. 1, 2, and 3. It is not 
to be assumed that Fractions a to d necessarily represent identi- 
cal proteins among the different species and groups of animals. 
However, their designation, based upon electrophoretic mobility, 
does provide a means for developmental comparisons as well 
as interspecies relationships of the globulins. 

During the spontaneous metamorphosis of the three principal 
Rana species, there is a shift of the globulins from Fraction c to 
Fraction a and, to a lesser extent, Fraction d. Only in R. heck- 
scheri is there an appreciable increase in Fraction b. The Ts 
treated animals reflected these increases in Fractions a and b 
but did not show an appreciable shift in Fraction d. 

Globulin Changes for X . laevis—There is an increase in all of the 
globulins during metamorphosis and the appearance of faster 
moving globulins in the more advanced animals (Fig. 4). These 
latter fractions conceivably are present in the tadpole sera, al- 
though not in measurable amounts. During growth of the frogs, 
the globulins appear to redistribute, the most noticeable effect 
being the diminution of the fractions with a mobility in the mid- 
dle range. The globulin distribution of the larger Xenopus frog 


TABLE II 


Variations in total serum protein concentration during 
anuran metamorphosis 











Species Group bo Shed Protein concentration® 
grams /100 ml 
Rana grylio Tadpole-1 7 1.42 + 0.30 
Tadpole-2 3 1.28 + 0.27 
Tadpole-3 4 1.47 + 0.10 
Tadpole-4 4 | 1.41 + 0.40 
Frog-1 4 2.19 + 0.17 
Frog-2 4 1.97 + 0.12 
Rana catesbeiana Tadpole-6 7 1.16 + 0.19 
Tadpole-7 8 1.74 + 0.39% 
Frog-3 3 2.56 + 0.50° 
Frog-4 4 2.56 + 0.53? 
Rana heckscheri Tadpole-8 7 0.35 + 0.04 
Tadpole-13 8 0.92 + 0.22 
Frog-5 4 2.03 + 0.19 
Xenopus laevis Tadpole-15 12¢ 0.24 
Frog-7 2 2.34 
Frog-8 2 3.54 








: -)2 
* Including standard deviations: ¢ = fee 
n — 
» Trichloroacetic acid insoluble nitrogen X 6.25. 
¢ Two pooled samples of serum each from 6 animals. 
4 Estimated from the electrophoretic patterns. 
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(frog-8) is more comparable to that of adult human serum than 
to the globulin patterns of the Ranidae frogs. In the latter the 
faster moving globulins (Fraction d) predominate, whereas the 
Xenopus frog and adult human sera the slower moving globulins 
are most prominent. 

Comparison of Shapes of Electrophoretic Patterns of Ranidae— 
The patterns of the R. catesbetana tadpole in early metamorpho- 
sis (tadpole-5) and both the post metamorphic and adult frogs 
(frogs-3, -4) of this species have the same general shape as the 
patterns of comparable animals of the species R. grylio (tadpole-1 
and frogs-1, -2). The difference for these two species in their 
terminal T;-treated animals (tadpole-4 and tadpole-7) is noted 
above. 

Although the albumin level is low in the terminal T;-treated 
animal (tadpole-13) and the intermediate animal (tadpole-14) 
of R. heckscheri, the globulin distribution of these animals is 
comparable to that in corresponding animals of R. grylio. 
The frog patterns of all three species are almost identical, with 
the slight variation mentioned previously for R. heckscheri frogs. 
It is surprising that the adult frog of another Ranidae species, 
R. clamitans (Fig. 4) has so low an albumin fraction in compari- 
son to the other three Ranidae studied. However, even here, the 
globulin distribution is similar to these other species. 

The young tadpole serum patterns of R. heckscheri are dis- 
similar to those of R. grylio and R. catesbeiana. Yet these three 
species change to a similar pattern at the completion of metamor- 
phosis. This effect has its counterpart in the morphology of em- 
bryological development. de Beer (19) notes that there are 
cases of structurally divergent embryos which will, in the course 
of their development, become similar in structure. This phe- 
nomenon was given the name caenogenesis by Haeckel (20). 

Total Protein Concentration—Table II shows that as an animal 
undergoes metamorphosis, either T;-induced or spontaneous, 
there is usually an increase in the total protein concentration 
associated, to a large extent, with an increase in the albumin 
concentration. Of the Ranidae, on the basis of percentage in- 
crease, the effect is most marked for R. heckscheri and least so 
for R. grylio. The T;-treated R. grylio does not show a signifi- 
cant change in serum protein. For the Xenopus frogs there is a 
significant increase in the total protein concentration with 
growth. 


DISCUSSION 


It has been known for some time (21, 22) that the highest se- 
rum protein concentrations are associated with the most highly 
evolved animals. The question as to how this increase is dis- 
tributed among the electrophoretically separable components is 
not simply answered by phylogenetic studies (16, 23-26), because 
of individualities peculiar to the various species, which make a 
correlation study difficult. A study of the Anura, at various 
stages of metamorphosis, includes fishlike animals, as well as 
essentially terrestrial ones and animals at intermediate stages, 
all within each of the several species. 

Anuran metamorphosis may be compared to the embryonic 
development of higher vertebrates. Moore, Shen, and Alexander 
(27) have followed the changes in the serum proteins during the 
embryological development of the higher vertebrates and found 
that the sera of developing chick and pig embryos increase in to- 
tal protein concentration. The serum albumin of chicks and pigs 
becomes the predominant fraction during the later developmen- 
tal stages. In the early embryos, the a- and 8-globulins pre- 
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dominate. The component with a mobility similar to mam- 
malian y-globulin does not appear until rather late. 

The increase in albumin in the Ranidae can be ascribed to new 
needs which the animal requires in developing from the water- 
dwelling form to a more complex terrestrial animal. The frog, 
with its more complex circulatory system, requires a greater se- 
rum protein concentration from the standpoint of peripheral 
osmotic exchange (28) and for the maintenance of blood volume 
(29). Albumin, by virtue of its small molecular weight and its 
highly charged state at physiological pH’s, is a superior protein 
for achieving the necessary osmotic balance. Whipple (30) even 
suggests that the osmotic parameter may itself be stimulatory for 
the biosynthesis of albumin. 

Collateral to the osmotic requirements of the blood is the ne- 
cessity for greater carrying capacity per unit volume of blood for 
the small molecules required by the tissues. The transport fune- 
tion of serum proteins and particularly of albumin is well known. 
An increase in albumin concentration fulfills both the osmotic and 
the transport needs, resulting in a blood more efficient for meta- 
bolic exchange in the frog than in the tadpole. 

The absence or low concentration of albumin appears to be as- 
sociated with the presence of a tailin the Anura. In their studies 
of the serum protein electrophoretic patterns of a series of adult 
reptiles and amphibia, Dessauer and Fox (16) present a pattern 
for the salamander Amphiuma means, which they report as typ- 
ical of five families of Caudata (tailed amphibia or salamanders), 
a total of 16 species. This pattern is extremely similar to those 
for the Ranidae tadpole sera, particularly to that of the R. heck- 
scheri tadpole. It is striking indeed, that there is no evidence of 
a fraction corresponding to albumin inthe salamanders. The lack 
of immunological similarity between tailed and tail-less amphibia, 
first observed by Nuttall (31) and confirmed by Boyden and 
Noble (17), could be attributed to this difference. Besides the 
similarity between the patterns of the Ranidae tadpoles and the 
adult salamanders which we note, Dessauer and Fox also indicate 
the close relationship between the patterns of the Ranidae frogs 
to those of the reptilian order Sauria, the lizards. 

Recorded also in Nuttall’s treatise (31), is the complete lack of 
serological relationship between the Xenopus frog and the R. 
temporaria frog. Thus, the observed dissimilarity of the Xeno- 
pus frog patterns from those of the Ranidae frog is not unex- 
pected. Nuttall found no evidence of immunological similarities 
between human serum, Xenopus frog serum, or any of three Ran- 
idae frog sera. Therefore, while Ranidae frog serum albumin is 
electrophoretically similar to adult human serum albumin, the 
two proteins are not immunologically identical. 

TI-Thyronine treatment increases the A/G ratio and, for R. 
catesbeiana and R. heckscheri, the total serum protein in young 
tadpoles. This is consistent with the observation of a lowering 
of albumin and total protein after thyroidectomy of rats (32). 
In R. grylio tadpoles particularly, TI-thyronine may initiate the 
conversion of globulin protein to albumin as well as reduce the 
synthesis of serum albumin. 

Because of the importance of the liver in the synthesis of serum 
proteins, the changes in the nature and quantity of the serum 
proteins that are observed during metamorphosis would be ex- 
pected to be reflected in the metabolic and structural nature of 
the liver. Henriques et al. (33) have shown that, in the rabbit, 
the serum proteins synthesized by the liver represent 40% of 
the total protein output of this tissue. Kaywin (34) reported 
extensive changes in the cytology of liver cells during acceler 
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ated anuran metamorphosis. An increase in the size and a 
change in the gross structure of the liver has also been noted (4). 
Modifications of the metabolic nature of the liver are indicated 
by the studies of enzymic activities (3-5) and changes in nu- 
cleic acid metabolism (1). 

Extrahepatic changes may account for electrophoretic alter- 
ations in the y-globulins and the hemoglobins® which accompany 
anuran metamorphosis. 


SUMMARY 


1. Changes in serum protein concentration and distribution 
have been studied during the spontaneous and 3,5,3’-triiodo- 
i-thyronine induced metamorphosis of three species of Ranidae. 
Comparable changes have been surveyed for the spontaneous 
development of the species, Xenopus laevis. 

2. The most striking change in all the species studied is the 
increase in and eventual predominance of the albumin fraction. 
Tadpole sera have extremely low albumin levels. There is no 
detectable albumin in the serum of some of the Rana heckscheri 
tadpoles. The progress of anuran metamorphosis is accom- 
panied by an increase in the total serum protein concentration, 
accounted for primarily by the marked increase in the albumin 
concentration. 

3. In the Ranidae, metamorphosis results in a redistribution 
of the globulins in favor of the electrophoretically slower and 
faster moving components and at the expense of proteins of inter- 
mediate mobility. The slower moving globulin fractions pre- 
dominate through out the development of X. laevis. 

4. The electrophoretic patterns of the young Ranidae tad- 
poles, particularly R. heckscheri, are similar to those of adult 
salamanders, whereas patterns prepared from Ranidae frog sera 
resemble those of the lizards. Of all the species studied, the 
Xenopus frog patterns are the most similar to human serum pat- 
terns. 

5. Differentiation of the Ranidae patterns ceases with the com- 
pletion of metamorphosis. However, for the Xenopus frog, the 
total protein concentration as well as the albumin to globulin 
ratio continues to increase as the frog grows. 
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5’ Changes in the electrophoretic nature of the hemoglobins 
during anuran metamorphosis will be the subject of a subsequent 
publication. 
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The influence of macromolecular polyanions, in particular of 
polysaccharide sulfates, on serum lipoproteins and on their 
metabolism has received increased attention during recent years. 
Intravenous administration of many sulfated polysaccharides 
and of other polyanions stimulates the appearance in vivo of 
clearing factor in human and animal serum (1-3). Lipoprotein 
lipase is activated by heparin in vitro (4, 5). An insoluble com- 
plex is formed between human serum £-lipoprotein and amylo- 
pectin sulfate at pH 8.6 (6, 7), and 8-lipoprotein is precipitated 
by dextran sulfate in the presence of calcium (8-10). At the 
same pH, £6-lipoprotein is also capable of forming at least two 
different types of soluble complexes with various other polysac- 
charide sulfates (11, 12). These complexes differ from one 
another in their behavior during moving boundary electrophore- 
sis. Consequently, solubility and electrophoretic analyses may 
be used to distinguish between the three modes of interaction— 
one insoluble and two soluble types of complexes—the type of 
which appears to depend on the nature of the participating poly- 
anion (6, 11, 12). In addition, the detection of characteristic 
electrophoretic patterns in the plasma of patients with various 
hemorrhagic disorders (13, 14), closely resembling the patterns 
resulting from the formation in vitro of soluble lipoprotein-poly- 
anion complexes (11, 15), suggests that similar loose complexes 
may occur in vivo in certain diseases. 

The connection between serum lipoproteins and polyanions, 
and the increasing importance of lipoproteins in certain condi- 
tions, especially vascular disease, induced us to study in more 
detail the interactions of human serum £-lipoprotein with macro- 
molecular polyanions. The present work deals with the relation- 
ship of the chemical and physicochemical nature of the poly- 
anions, and the type of their interaction with 6-lipoproteins. 


EXPERIMENTAL PROCEDURE 
Materials 


Sulfation—Dry polysaccharide, 200 mg, or other polymer, 
(dried at 78° at less than 1 mm Hg pressure) was introduced into 
a mixture of 6 ml of chlorosulfonic acid in 40 ml of dry pyridine 
at 70° and kept at this temperature for 4 hours under constant 


* This investigation was supported in part by research grant 
H-3850 from the National Institutes of Health, Public Health 
Service, and by a grant from the American Heart Association, Inc. 

7 Present address, Memorial Sloan-Kettering Cancer Center, 
New York. 
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vibration on a Boerner oscillating platform. After dialysis 
against running water and 1% potassium acetate solution, and 
after precipitation by ethanol, the sulfated products were isolated 
as the potassium salts. 

During the sulfation, most substances treated in this way 
either became soluble or swelled considerably. Those which 
behaved differently were first nitrated in a mixture of nitric and 
sulfuric acids (11). This resulted in derivatives capable of 
swelling in pyridine and, hence, more accessible to subsequent 
sulfation. 

Incomplete Sulfation—Samples of corn amylopectin were sul- 
fated for various lengths of time, at temperatures ranging from 
20 to 70°, and with different amounts of chlorosulfonic acid, 
which resulted in the formation of a series of amylopectin sul- 
fates with the same degree of polymerization and the same de- 
gree of branching, but with a wide range of sulfur content, i.e. 
from 0.22 to 2.2 sulfate groups per glucose unit. 

Partial Hydrolysis of Amylopectin—A 0.4% solution of corn 
amylopectin prepared according to Schoch’s procedure (16) was 
heated at 70° for 15 minutes in n hydrochloric acid, neutralized, 
and then submitted to fractional methanol precipitation. Two 
fractions were obtained at methanol concentrations of 30 and 
75%, respectively. Molecular weights were determined after 
exhaustive dialysis, by measurement of the reducing end groups 
with the dinitrosalicylic acid reagent (17). 

Partial Hydrolysis of Glycogen—A 2% solution of liver glyco- 
gen purchased from Pfanstiehl was heated to boiling for 1 hour 
in the presence of 2.75 N acetic acid and was then precipitated 
by ethanol at a final concentration of 75%. 

Deacetylation of Mucopolysaccharides—A solution of 100 mg 
of mucopolysaccharide in 40% (by weight) sodium hydroxide, 
containing a trace of sodium sulfite, was kept at room tempera- 
ture in nitrogen atmosphere for 4 days. The solution was neu- 
tralized by glacial acetic acid, dialyzed, and the polysaccharide 
precipitated by 80% ethanol. 

Lipoprotein—Three different kinds of 6-lipoprotein solutions 
were used for the experiments: (a) untreated whole serum, (6) 
low density lipoprotein isolated by fractional ultracentrifugal 
flotation, and (c) 6-lipoprotein isolated by precipitation with 
amylopectin sulfate. Because of the relative instability of lipo- 
proteins, independently of their environment or method of iso- 
lation, frequent control tests without added polyanion and with 
a reference polyanion were carried out on each sample. An in- 
dividual batch of amylopectin sulfate, obtained from corn am- 
ylopectin, with 16.64% sulfur, a sulfur to potassium ratio of 
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0.895, and an estimated degree of polymerization of approxi- 
mately 2400, served as the reference polyanion throughout this 
study. All results reported herein have been obtained with lipo- 
protein solutions in which the control tests remained unchanged 
during the whole series of experiments. 

Serum—Pooled serum of normal individuals and of patients 
with various diseases was obtained from a diagnostic hospital 
in batches of about 100 ml. Lipemic sera, hemolyzed sera, and 
sera from patients receiving anticoagulants were not included in 
the pools. 

Isolation of Low Density Lipoprotein by Ultracentrifugal Flota- 
tion—Following the procedure described by Oncley and Mannick 
(18-20), pooled human serum was centrifuged for 22 hours in 
a No. 40 rotor of a Spinco model L ultracentrifuge at an average 
centrifugal force of 105,400 x g, in sodium chloride density 
gradient tubes with the initial densities of 1.000 and 1.064 on 
the top and at the bottom of the tube, respectively. Fractional 
withdrawal of the solution between the densities of 1.030 and 
1.035 yielded lipoprotein preparations containing from 65 to 
75% total lipids and exhibiting a ratio of total cholesterol to 
phospholipids from 1.1 to 1.4. On moving boundary electro- 
phoresis in Veronal citrate buffer at pH 8.6, 0.1 ionic strength, 
the lipoprotein migrated as a single component with a mobility 
of 3.5 to 3.7 X 10-5 cm? sec volt, 7.e. with the mobility of a 
8-globulin. 

Isolation of Low Density Lipoprotein by Precipitation with 
Amylopectin Sulfate (21)—To 60 ml of pooled human serum, 
previously cleared by centrifugation at 15,000 x g, 9 ml of a 
1% amylopectin sulfate solution were added. The precipitate 
was collected by centrifugation at 15,000 x g, dissolved in 3 
ml of a 12% NaCl solution, and reprecipitated by dilution with 
57 ml of 0.02 mM NasHPO, solution. The operations of centrifug- 
ing, dissolving, precipitating upon dilution, centrifuging, and 
dissolving the lipoprotein-amylopectin sulfate complex in 12% 
NaCl solution were repeated to eliminate adhering serum pro- 
teins, after which the amylopectin sulfate was removed by pre- 
cipitating this polyanion with 0.75 ml of 0.1 m barium acetate 
solution. The excess of barium was then eliminated by passing 
the centrifuged solution through a column of Amberlite IR 120 
charged with sodium chloride. The resulting solution of 8-lipo- 
protein was unstable unless ethylenediaminetetraacetic acid 
(2 mg/10 ml) or pyrophosphate (0.01 m final concentration) was 
added. 

The solutions thus obtained were slightly turbid and yellow. 
They exhibited the same chemical composition and electropho- 
retic behavior as the B-lipoprotein prepared by ultracentrifugal 
flotation. Their ultracentrifugal flotation rate was found to be 
between S; 2 and 12 with a main peak at S; 4. The ultracen- 
trifugal analyses were performed by Dr. Karl Schmid, Massachu- 
setts General Hospital. 


Methods 


Characterization of Type of Complex—The distinction between 
insoluble complexes (Type I), soluble complexes with little or 
no tendency to dissociate (Type II), and soluble complexes 
which readily dissociate into their components (Type III) has 
been made previously (11). In the present work, the type of 
complex formed was identified by a combination of nephelo- 
metric evaluations of the solubility with moving boundary elec- 
trophoretic analyses of the mixtures of 6-lipoprotein with the 
macromolecular polyanion, by the system given in Table I. In 
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TABLE [| 


Characterization of B-lipoprotein-polyanion complexes 














Complex formation characterized by Properties of complex 
| Moving boundary 
Type of | Nephel electrophoresis: 
complex | epnelo at 
| metry: Solubility Tendency to 
— Mobility increase in at pH 8.6 dissociate 
| Ascending ending 
limb limb 
I ae Insoluble 
i = + + Soluble Low 
16 li ~ + = Soluble High 
None | _ - - 
' 

















many instances, complexes were found to be partially insoluble, 
the soluble part being undissociated. These complexes be- 
longed, therefore, to both Types I and II; the nephelometric 
data indicated their relative solubility as compared to the least 
soluble complex of lipoprotein with the reference polyanion, 
amylopectin sulfate. 

Nephelometric Analysis’ of Solubility—The procedure previ- 
ously described for the determination of human serum £-lipo- 
protein (7) has been followed. For this part of the study, pooled 
human serum served as the source of lipoprotein in all cases; 
the nephelometric index of whole serum has been found to be 
more reliable than that of isolated preparations of 8-lipoprotein 
because, in contrast to the latter, it is not subject to enhance- 
ment by a great variety of macromolecular substances, such as 
proteins, polysaccharides, and their derivatives (21). The read- 
ings were carried out in a Coleman model 7 Photo-nephelometer, 
or in a model 9 Nephocolorimeter, with Coleman Nephelos as 
standards, and were recorded in Nephelos units of turbidity in- 
crease obtained after the addition of 0.1 mg of polyanion to 0.1 
ml of serum in 25 ml of Tris buffer, pH 8.6. All results are ex- 
pressed as relative values compared to the increase in Nephelos 
obtained with the reference polyanion (amylopectin sulfate) 
which was arbitrarily fixed at 100. No attempts were made to 
express quantitatively the proportion between Types I and II 
on the basis of the nephelometric data. A semiquantitative 
grading for the presence of Type I appeared indicated, however, 
ranging from +++, very strong (nephelometric index more 
than 70% of that of the reference polyanion); to ++, medium 
(30 to 70%); +, low (10 to 30%); and (+), very weak (2 to 
10%). 

Electrophoresis—Moving boundary electrophoretic analyses 
were carried out as previously described (11). 

Measurement of Precipitation of Polysaccharide Sulfates by 
Barium Chloride—To 25 ml of a 0.016 m barium chloride solu- 
tion containing 0.16 N hydrochloric acid, 0.3 ml of a 0.1% aque- 
ous solution of the polyanion was added. The increase in turbid- 
ity was measured nephelometrically within 10 to 15 minutes after 
the addition of polyanion. Coleman Nephelos units were used as 
standards, and the same sample of amylopectin sulfate which 
served as a reference substance for the determination of nephelo- 
metric indices with 8-lipoprotein was also used as a reference 
substance for the determination of barium turbidities; the 
barium turbidity of this reference product was arbitrarily set 
at 100. 
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RESULTS 


Influence of Nature of B-Lipoprotein Preparation—The type of 
interaction between any given polyanion and §-lipoprotein was 
the same, whether the lipoprotein had been purified by ultra- 
centrifugal flotation, by precipitation with amylopectin sulfate, 
or had not been purified at all (whole serum). Neither the state 
of purity nor the method of purification thus appears to influ- 
ence the type of interaction. However, the solubility of com- 
plexes of Type I was higher with the two preparations of puri- 
fied lipoprotein than with whole serum. This suggests that 
serum contains a substance decreasing the solubility of lipopro- 
tein-polyanion complexes. A large number of such substances 
of widely varying chemical nature, both of macromolecular and 
low molecular structure, are indeed capable of enhancing the 


TaBLeE II 
Enhancement of B-lipoprotein-amylopectin sulfate turbidity 
by various substances, with purified 
B-lipoprotein preparations 








Substance added® Turbidity? 
ONE erties IN Ai ald ns el aaa yt ok eA RR 21 
Crystalline bovine serum albumin’............. 35 
Crystalline chymotrypsin’..................... 30.5 
Crystalline B-lactoglobulin®.................... 31 
Crystalline ovalbumin?.................. salt 31 
Human serum protein Fraction IV-4.......... 34 
Human serum protein Fraction IV-6........... 34 
ee Se no rc ia 4 26.5 
Se Ee i Sac eae ee 28 
EN a Dt MUG i nao. cog pethertss 00's +44 31 
I ete ck ts ec ta bedaas © oo 5% 30 
ery Ste Tas see coast tebe oe cae 26 
EET as at til Gee i Wea ie oat ee ee 31 
SSS are ok Brio) ce is ene a es es aa 32 
Deoxyribonucleic acid®........................ 38.5 
III Su 2h ih § Ss ula Wisi Sele oie 31 
EE a ee 30.5 
i gas Nails ih pdt CE pack cpie 4 e 31.5 
| EPC EES CAE POLE 33.5 
Carboxymethyleellulose*...................... 33 
MR ein. cs ccvbwee es» auttntoae gta wa een bis’. 30 
a a i RNa ele agree a > Si 30 
MI gor Coe Soe iicncs wt skigt Eeadaid da 31 
NNUNT IINGOR 8S. ee ee le ee 30.5 
PrmeeMeE WING GOIG. 8 koe ee es ee | 33 
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@ Unless stated otherwise, 12 ug per ml. 

> Nephelos units. 

¢ Pentex, Inc. 

4 Worthington Biochemical Corporation. 

¢ Nutritional Biochemicals Corporation. 

4 Prepared according to Schoch (16). 

9 Laros. 

+ Bios Laboratories, Inc. 

‘ Cellulose gum, CMC, medium viscosity, obtained from Her- 
cules Powder Company. 

i Elvanol, Du Pont de Nemours Company. 

* Carbowax, Carbide and Carbone Company. 

‘ Amount, 40 ug per ml. 
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turbidity produced when amylopectin sulfate is added to puri- 
fied 8-lipoprotein preparations (see Table II). This phenome- 
non, with the exception of the increase of turbidity by calcium 
salts, is limited to the purified preparations of 6-lipoprotein, and 
is not observed with whole serum. The mean increase of the 
nephelometric index in 42 individual serum samples by 4 x 10-4 
M calcium chloride was found to be 1.47-fold. 

Influence of Sulfate Content of Polyanion—Both nephelometrie 
and electrophoretic data indicated that the interaction of B-lipo- 
protein with amylopectin sulfate of varying degrees of sulfation 
is independent of the sulfate content of the polyanion, unless the 
latter drops to values considerably less than 1 sulfate group per 
glucose unit (see Table III, Lines 1 to 5). In the case of potato 
amylopectin sulfate, the critical sulfate content is somewhat 
higher, i.e. at about 1.5 sulfate groups per repeating unit. The 
effect of lowering the sulfate content of the polyanion on the 
interaction with lipoprotein consists in a decrease of the amount 
of lipoprotein undergoing complex formation (being precipi- 
tated). This effect can be overcome by increasing the poly- 
anion concentration. In any event no interactions of Types 
II or III have been noted with amylopectin sulfates of low sul- 
fur content, as long as the degree of polymerization remains un- 
changed. 

In a similar fashion, the type of complex formation was un- 
changed in preparations of sulfated hyaluronic acid ranging 
from 0.63 to 1.33 sulfate ester groups per disaccharide unit, 
whereas less sulfated hyaluronate (0.24 sulfate per disaccharide) 
produced only a very weak interaction with 8-lipoprotein belong- 
ing however to the same Type III (see Table IV, Lines 2 and 
3). Similarly, natural chondroitin sulfate A with approximately 
one sulfate group per repeating disaccharide does not interact 
at all with 8-lipoprotein (Table IV, Line 7), but synthetically 
sulfated chondroitin sulfate A does form a complex of Type 
III (Line 8). The sulfate content of agar is so low that no in- 
teraction can be detected. 

Influence of Molecular Weight of Polyanion—Low molecular 
weight amylopectin sulfate precipitated B-lipoprotein to a much 
lesser degree than high molecular weight amylopectin sulfate 
of comparable sulfate content, as seen from the low nephelo- 
metric indices in Table III (Lines 6 and 7). Unlike the case 
of decreasing sulfate content of the polyanion, however, higher 
concentrations of amylopectin sulfate of reduced degree of 
polymerization do not raise the nephelometric index. The 
amount of lipoprotein undergoing complex formation with the 
polyanion was not changed by lowering the degree of polymeri- 
zation of the latter, but the interaction had shifted partially 
from Type I to Type II. The data obtained with dextran sul- 
fates of varying molecular weights (Table V, Lines 2 to 5) con- 
firm the results obtained with amylopectin sulfate. Little or 
no influence of the molecular weight of the polyanion on the 
type of interaction was observed, however, in a series of amylose 
sulfates, ranging in degree of polymerization from 80 to 800 
(see Table III, Lines 12 to 16), as well as between sulfated hy- 
aluronic acids of different molecular weights, originating from 
vitreous body and from umbilical cord (see Table IV, Lines 2 
and 4). 

Influence of Branching of Polyanion—The comparison of the 
effect of sulfated amylopectin with that of sulfated amylose of 
similar sulfur content and of similar but relatively low degree 
of polymerization (Table III, Lines 6 and 14, or Lines 7 and 16) 
seems to indicate that branching of the polyanion has little or 
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uri- TABLE III 
me- Influence of sulfate content, molecular weight, and degree of branching of sulfated polysaccharides on 
‘um their interaction with B-lipoprotein 
and | | | : : 5 
the Line No. Sulfated polysaccharide ory Degree of Degree of a a | ee ee 
e hexose unit polymerization branching values) 
10-4 Type I Type 11 Type III None 
tric 1 | Corn amylopectin 2.18 >2,000° 24% | 100° +++ 
'po- 2 | Corn amylopectin® 0.85 >2,000° | 24% | 99 +44 
ren 3 | Corn amylopectin¢ 0.57 >2,000° | 24% 49 ++. = 
the 4 | Corn amylopectin? 0.22 >2,000° 24% 20 + ++ 
5 | Corn amylopectin 0 >2,000®° | 24% 0 +44 
pe 6 | Partially hydrolyzed and frac- 1.72 4054 | 24% 12 + ++ 
ato | tionated corn amylopectin 
hat 7 | Partially hydrolyzed and frac-| 1.66 1054 | 24% | 2 (+) | ae 
The |  tionated corn amylopectin 
the 8 | Potato amylopectin 2.48 >6,000 | 24% | 101.5 at 
unt 9 | Rice starch 2.54 She +++ (+) 
ipi- 10 | Glycogen’ 1.87 | >10,000 | 810% | 18.5 - ++ 
oly- 11 Partially hydrolyzed and frac- 1.73 | 8-10%: | 14 a oe 
“pes | tionated glycogen | | 
oul 12 Potato amylose 2.11 800-1, 000" | 0 18.5 oe ++ 
wil 13 | Corn amylose‘ 2.22 800° | 0 30.5 + ++ 
14 Fractionated corn amylose‘ 1.60 340* | 0 28.5 aa +4 
15 | Fractionated corn amylose! 1.44 160* | 0 | 20.5 + ++ 
= 16 Fractionated corn amylose” 1.64 80k | 0 | 11 + ++ 
ying RED RS Seer oh 8d re ee PS OR \ | 
nit, * Prepared according to Schoch (16). 
ide) ’ According to osmotic pressure determinations (24, 25). 
mng- ¢ Reference polyanion, nephelometric index fixed at 100. 
ana 4 According to determinations of the reducing end group (17). 
tely ¢ Values are for polysaccharide before partial hydrolysis and fractionation. 
/ From liver, purchased from Pfanstiehl Laboratory. 
ract 9 Estimated from literature indications (26). 
ally » According to New Products Bulletin of Stein, Hall and Company. 
ype * Prepared according to Schoch (16). 
» in- i Fraction II of a previously described product (22), p. 852. 
* According to osmotic and viscosimetric determination (22, 23). 
ular ' Fraction III of a previously described product (23). 
uch ™ Fraction I of a previously described product (23). 
fate TaBLeE IV 
ielo- Influence of presence of hexosamine in sulfated polysaccharides on their interaction with B-lipoprotein 
case — —— 
| | | Nephelo- Type of interaction from electrophoretic analyses 
en | Line No. Polyanion Nef at rnp |mailer|_ ——— 
| values) | Typel Type IT Type III None 
The “sd ae 
_ the 1 Corn amylopectin sulfate 2.18 |} 100° | +++ 
neri- 2 Sulfated hyaluronic acid? 0.58-1.33¢ 1 | +4 
jally 3 Sulfated hyaluronic acid? 0.24¢ | 1 | + ++ 
-sul- 4 Sulfated hyaluronic acid¢ 0.66° 1 +++ 
con- 5 | Hyaluronic acid?: 4 0 a +44 
le or 6 Sulfated deacetylated hyaluronic acid? 2.30°¢ 1 +++ 
te 7 Chondroitin sulfate A 0.94¢ 0 +44 
vieil 8 Sulfated chondroitin sulfate A 1.6-2.35¢ 1 +44 
: 9 Sulfated deacetylated chondroitin sulfate A | 2.03¢ 1 +44 
» 800 10 Chondroitin sulfate C le 1 +++ 
1 hy- 1 Chondroitin sulfate B | nT dee eee ee +++ 
from 12 Heparin® | 1.452.648 | o | +++ 
nes 2 13 Sulfated chitin 0.68 bod +++ 
14 Sulfated deacetylated chitin (chitosan) 0.23 1 | +4 + 
f the : ents + 
se of * Reference polyanion. 
egree > From bovine vitreous body. 
d 16) * Sulfate per disaccharide unit. 
¢ From human umbilical cord. 
tle or * General Biochemicals Inc. and Liquaemin Sodium, Organon. 
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TABLE V 
Influence of nature of glycosidic bond and presence of carboxyl-groups in polyanions on their interaction with B-lipoprotein 























es | Pode stata eee ‘petri | Type of ees) —_ electrophoretic 
eshitiess ¥ so hn polymerization (alatioe | 3 2 
values) | TypeI | Type II | Type III | None 

1 Corn amylopectin sulfate 2.18 >2,000 100° | +++ | 

2 Dextran sulfate, from strain NRRL-B 512° | 1.44 240 ,000? 74 +++ | | 

3 Dextran sulfate, from strain NRRL-B 512¢ | 1.58 4404 4.5 | (+)) +++ 

4 Dextran sulfate, from strain NRRL B 1254¢ 1.59 >6 ,000¢ 118.5 | +++ | 

5 Dextran sulfate, from strain NRRL-B 1254/ | 1.09 5404 6 | (+)| +++ | 

6 Dextran sulfate, from strain NRRL-B 1375¢ 1.24 >6 , 0004 111 +++ | 

z Dextran sulfate, from strain NRRL-B 1355* | 1.74 >6 ,0004 138 cee 

8 Cellulose sulfate, from paper | 2.§ 600-1 ,000' 14 | + ++ 

9 Cellulose sulfate, from cotton | 2.5 1 ,000—3 ,000* 15.5 | +) ++] 

10 Sulfated carboxymethyl] cellulose‘ | 0.66 1 | +++ | 

11 Carboxymethy] cellulose | 0 1 | +H 
12 Carrageenin X | 1.0 11 | a | ++ | 

13 Carrageenin x | 0.6 2 (+)) +++ 

14 Agar : ew 1 | +++ 
15 Sulfated pectic acid* | 1.4 1 | ++4 | 

16 Pectic acid a 0 | +++ 
17 Sulfated polymannuronic acid! } 1.15 1 | +++ | | 

18 Polyvinylaleohol sulfate” | 0.64 12.5 +) ++ 

19 Polystyrene sulfonate, Lustrex X710" | 95° 7.5 (+)| +++ | | 
20 Polystyrene sulfonate, Lustrex X770" | 0.64 | 670° 18 +| ++ | | 








* Prepared according to Schoch (16). 
» Reference polyanion, nephelometric index fixed at 100. 


¢ Containing 5% a-1,3 branching points; all data on glycoside bond analyses of dextrans by courtesy of Dr. Allene Jeanes. 
4 According to light-scattering data, by courtesy of Dr. Allene Jeanes. 


¢ Containing 7% a-1,4 branching points. 

4 Containing 8% a-1,4 and 2% a-1,3 branching points. 
9 Containing 6% a-1,4 and 13% a1,3-linkages. 

+ Containing 8% a-1,4 and 35% a-1,3 linkages. 

* Estimated from literature indications (27, 28). 


i Prepared from cellulose gum, CMC, medium viscosity containing 0.7 carboxyl groups per glucose, obtained from Hercules Powder 


Company. 


* Prepared from product of Nutritional Biochemistry Corporation. 


' Mannuronate, manufactured by Wyeth Laboratories. 


™ Prepared from Elvanol, grade 71-24, Du Pont de Nemours and Company. 
™ By courtesy of Monsanto Chemical Corporation, Plastics Division. 
° According to New Product Information Bulletin No. D5-10A, Monsanto Chemical Corporation. 


no effect on the interaction with B-lipoprotein. At higher mo- 
lecular weights, it appears, however, that the branched poly- 
anion (Table III, Lines 1 and 2) yields considerably less soluble 
complexes than the unbranched polyanion (Lines 12 and 13). 
Preparations of closer degrees of polymerization were not avail- 
able. On the other hand, the low nephelometric values obtained 
with native and partially hydrolyzed glycogens (Table III, Lines 
10 and 11) can be interpreted only as a consequence of the high 
degree of branching of this polysaccharide. In the case of the 
dextran sulfates, it is not exactly known whether the polysac- 
charides from strains NRRL-B 1375 and 1355 are more branched 
than those from NRRL-B 512 and 1254, or whether the former 
contain certain amounts of a-1,4 linkages, a-1,3 linkages, or 
both, in the main chain. For this reason, no conclusions on 
the effect of branching of dextrans on the complex formation 
with lipoprotein can be drawn. 

Influence of Configuration and Nature of Glycosidic Bonds of 
Polyanion—Both amylose and cellulose sulfates of similar sulfur 
contents and of similar degrees of polymerization (Table III, 


Lines 12 and 13, and Table V, Line 8) interact in the same way 
with 8-lipoprotein. This indicates that it is immaterial for the 
interaction whether the glycosidic bonds of the polyanion are 
present in their a- or 8-configuration. The comparison of the 
interactions of heparin (Table IV, Line 12) and of sulfated de- 
acetylated hyaluronic acid (Table IV, Line 6) with lipoprotein 
leads to the same conclusion. 

That the presence of a-1,3 or a-1,4 glucosidic bonds at the 
branching points of dextran sulfates does not influence the type 
of complex formation is evident from the similarity of the data 
on Lines 2 and 4, or on Lines 3 and 5, respectively, in Table V. 
In addition, the interaction of 8-lipoprotein with amylopectin 
sulfates (Table III, lines 1 and 6) is similar to that of corre- 
sponding preparations of dextran sulfates (Table V, Lines 4 and 
5) in which the nature of the bonds is reversed. Although high 
molecular dextran sulfate shows a somewhat higher nephelo- 
metric index than amylopectin sulfate, these findings appear to 
confirm the absence of any connection between the type of in- 
teraction and nature of glycosidic bonds of the polyanion. 
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Influence of Chemical Nature of Polyanion—Comparison of the 
interactions of 6-lipoprotein and glucan sulfates (sulfated de- 
rivatives of amylopectin, amylose, glycogen, dextran, and cellu- 
lose) with those of galactan sulfate (carrageenins \ and x) and 
of the synthetic resins, i.e. polyvinylaleohol sulfate and the 
polystyrene sulfonates (Tables III and V), reveals that the 
chemical nature of the macromolecular polysulfate (or sulfonate) 
and of its repeating unit does not essentially influence the type 
of complex formed, as long as sulfate and hydroxyl groups are 
the only functional groups in the polymer. Independently of 
the nature of the monomer, there occurs in all these cases for- 
mation of a partially insoluble complex (Type I). The soluble 
part of this complex belongs to Type II, and the solubility of 
the complex, t.e. the distribution between Types I and II, de- 
pends mainly on the degree of polymerization of the polyanion, 
and partly also on its degree of branching. Those polyanions 
built up entirely or in part by carboxyl groups containing re- 
peating units (polyuronides), as well as those composed of 
hexosamine derivatives as building blocks (mucopolysaccharides) 
appear to interact, however, in different manners with 6-lipopro- 
tein. 

Influence of Carboxyl Groups in Polyanion—Sulfated carboxy- 
methyl cellulose (Table V, Line 10), sulfated pectic acid, which 
consists mainly of polygalacturonic acid sulfate (Table V, Line 
15) as well as polymannuronie acid sulfate (Line 17) undergo 
complexes of Type II with @-lipoprotein. In contrast to the 
above discussed partially insoluble complexes, the latter are 
always entirely soluble, i.e. free from Type I interaction. It 
appears logical to attribute this characteristic feature to the 
presence of carboxyl groups in the macromolecular polysulfates. 
The carboxyl groups alone, in the absence of sulfate ester func- 
tions, are obviously insufficient to produce an interaction (‘Table 
V, Lines 11 and 16). 

Influence of Hexosamine Derivatives in Polyanion—A\ll sulfated 
mucopolysaccharides (Table IV), regardless of whether they 
contain uronic acid residues (hyaluronic acid, the chondroitin 
sulfates and heparin; Lines 2 to 4 and 6 to 12), or not (chitin; 
Lines 13 and 14), whether they contain N-acetyl groups (hyalu- 
ronic acid, the chondroitin sulfates and chitin; lines 2 to 4, 7, 8, 
10, 11, and 13), or N-sulfatyl groups (heparin and sulfated de- 
acetylated mucopolysaccharides; Lines 6, 9, and 12) produce 
Type III complexes, occasionally mixtures of Type III with Type 
II complexes (Line 14), or, in the absence of sufficient amounts of 
sulfate groups (chondroitin sulfates A and C; Lines 7 and 10), 
no interaction. The influence of the hexosamine to shift the 
interaction from Type II to Type III appears to be evident. 
No explanations can be offered, however, for the absence of 
interaction with chondroitin sulfates A and C, each containing 
about 1 sulfate group per repeating unit, whereas sulfated hy- 
aluronate with lower sulfate contents (Lines 2 and 4) and chon- 
droitin sulfate B with the same sulfate content do give com- 
plexes with B-lipoprotein. 

Formation of Barium Salts—The data in Table VI clearly 
show that some parallelism exists between the tendencies of a 
polysaccharide sulfate to be precipitated by either 6-lipoprotein 
at pH 8.6 or by barium salts in a strongly acid medium. Low 
molecular amylopectin and dextran sulfates, glycogen sulfate, 
and one sample of amylose sulfate, however, precipitate more 
strongly with barium than with 8-lipoprotein. They still con- 
trast markedly from the carboxyl groups and hexosamine-con- 
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TaBLe VI 


Tendency of polysaccharide sulfates to be precipitated by barium 
chloride in relation to their precipitation with B-lipoprotein 




















_Nephelometric 
indices (relative 
No, of values) 
sulfate oi Dues nag 
er per te- | polymerization |Precipi- [Precipi- 
peating tation | tation 
unit with with 
chloride| protela 
Amylopectin sulfate*........... 2.18 >2,000 | 100° | 100° 
Amylopectin sulfate. .......... 0.17 >2,000 3 20 
Amylopectin sulfate. .......... 1.72 405 | 83 12 
Glycogen sulfate............... 1.37 >10,000 | 77 18.5 
Dextran sulfate®..: 6... 6.088 1.44 240,000 | 79.5) 74 
Dextran sulfate*............... 1.58 440 | 96 4.5 
Amylose sulfate................| 2.11 | 800-1,000 | 71 18.5 
Cellulose sulfate............... 1.75 |1,000-3,000 | 21 15.5 
Polygalacturonic acid sulfate. .| 1.4 1 1 
Polymannuronic acid sulfate...| 1.15 1 ee a | 
Chondroitin sulfate A..........} 0.94¢ 1 0 
Sulfated chondroitin sulfate A.| 2.35¢ ge ee | 
Chondroitin sulfate B.......... 0.77¢ 1 1 
Hyaluronic acid sulfate’....... 0.58¢ 250-5009; 1.5) 1 
Hyaluronic acid sulfate*....... 0.66 |2,500-5,0009; 1.5) 1 
GbR. 6806. ea eee 2.68¢ 1 0 








@ Reference substance. 

» Arbitrarily set at 100. 

¢ Same as Line 2, Table V. 

4 Same as Line 3, Table V. 

¢ Per disaccharide unit. 

/ From bovine vitreous body. 


* Estimated according to literature indications (29) on the 
basis of a disaccharide as repeating unit. 
+ From human umbilical cord. 


taining polysaccharide sulfates which do not precipitate with 
either barium or lipoprotein. 


DISCUSSION 


Although it had previously been demonstrated that 6-lipo- 
protein is the only serum protein capable of forming complexes 
with macromolecular polyanions at pH 8.6 (7, 11), the present 
data clearly show that the other component of the complex is 
unspecific and that such interactions may occur with a wide 
variety of chemically different polyanions. The significance of 
these results lies in the fact that certain chemical and physico- 
chemical characteristics of the polyanion appear to determine 
which one of the three possible types of lipoprotein-polyanion 
complexes is formed. The three types of interaction are mainly 
the result of differences in the solubility of the complexes, as 
well as of different affinities between their component parts, and 
it becomes evident from the data presented that an increase in 
the molecular weight of the polyanion generally decreases the 
solubility of the complexes, whereas an unbranched structure of 
the polyanion (amylose, cellulose) or, on the other hand, a very 
highly branched structure (glycogen), as well as the presence 
of carboxyl groups, are apt to render the complex more soluble. 
In addition, the presence of hexosamine residues in the poly- 
anion, either N-acetylated or N-sulfated, appears to reduce 
markedly the affinity between 8-lipoprotein and polyanion; this 
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reduction in the affinity causes the complexes to separate readily 
into the component parts in an electric field. 

The marked influence exerted on the interaction by N-acetyl, 
N-sulfatyl, and carboxyl groups is in contrast to the lack of 
interference with the interaction by the chemical nature of the 
structure of the polyanion. Thus, substances which are chemi- 
cally as unrelated to one another as polyvinyl sulfate, polysty- 
rene sulfonate, and cellulose sulfate behave in a very similar 
fashion towards 6-lipoprotein. 

The participation of N-acetyl groups in the interaction indi- 
cates that the complex formation between §-lipoprotein and 
polyanion is actually a much more intricate process than a mere 
salt formation through electrostatic attraction between sulfate 
groups of the polyanion and basic groups of the lipoprotein. A 
certain analogy between the solubility of the barium salts of 
polysaccharide sulfates in an acid medium and that of their 
complexes with 8-lipoproteins at pH 8.7 has been found. As- 
suming that the rather high solubility of the barium salts of 
hexosamine-containing polysaccharide sulfates is due to chelate 
formation, the possibility of the existence of hydrogen bonding 
in the complexes of these polyanions with 8-lipoproteins appears 
likely. 

The results on the interaction of serum lipoproteins with 
polyanions, presented in this paper, appear to be interesting for 
the interpretation of some biological phenomena: sulfomuco- 
polysaccharides, polysaccharide sulfates in general, and other 
anionic polymers have long been known to inhibit mitosis (30, 
31), to produce hemorrhagic necrosis in animal tumors (32-34), 
to possess other antineoplastic effects (35), and to be involved 
in the deposit in vivo of fibrinoid material in the capillaries 
(generalized Shwartzman reaction) (36, 37). Some of these 
processes were found to be related to the formation of phospho- 
lipid-polysaccharide-protein complexes (38, 39); this phenome- 
non, although no sulfate ester appears to be involved, bears 
certain resemblances with the lipoprotein-polysaccharide sulfate 
interactions with regard to the participating component parts. 
Hartwell et al. (38) observed that a bacterial preparation con- 
taining 1% bound phosphorus lost rapidly, on hydrolysis, both 
phosphorus and biological activity. Although at least part of 
the phosphorus was present as a component of a phospholipid, 
the remainder may have been bound in the form of a sugar 
phosphoric ester, thus giving the polysaccharide polyanionic 
properties similar to those of the sugar sulfate esters. 

Interactions between synthetic polyglucose sulfates and vari- 
ous enzymes have also been described by Mora and Young (40, 
41). 

The precipitation of serum 8-lipoprotein by various polysac- 
charide sulfates, such as amylopectin sulfate (7), dextran sulfate 
(9, 10), and carrageenin x (42), has been used for the quantita- 
tive determination of this serum protein. The present results 
provide important conclusions as to which polyanion will be the 
most suitable one for such procedures. Since the influence of 
the molecular weight of the polyanion on this reaction is con- 
siderable, it appears that the polysaccharide sulfate with the 
most reproducible molecular weight, corn amylopectin, is best 
suited as a reagent for B-lipoprotein determinations. 


SUMMARY 


The interaction at pH 8.6 of human serum §-lipoproteins with 
numerous sulfopolysaccharides and some synthetic anionic poly- 
mers was studied. The three possible types of complex forma- 
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tion were correlated with the structure of the polyanion. 8-Lip- 
oprotein was used in three different forms: (a) in whole serum 
without purification, (6) after isolation by fractional ultracen- 
trifugal flotation in density gradient tubes, and (c) after purifi- 
cation by precipitation with amylopectin sulfate. Naturally 
occurring and synthetically sulfated sulfopolysaccharides, some 
of which had previously undergone partial hydrolysis, fractiona- 
tion, or both, served as polyanions. 

The type of complex formation was not affected by the puri- 
fication of 8-lipoprotein. Independently of their nature, all 
sulfate ester- or sulfonic acid-containing soluble polymers are 
capable of forming more or less insoluble complexes with 6-lipo- 
protein, provided the polyanion does not contain functional 
groups other than —SO3;H and —OH. The presence of car- 
boxyl groups in the polyanion, such as in uronic acid-containing 
sulfopolysaccharides, considerably increases the solubility of 
the complex. The presence of N-acetyl or N-sulfatyl groups, 
such as in sulfomucopolysaccharides, not only increases the 
solubility of the complex, but also markedly decreases the affin- 
ity between polyanion and lipoprotein. A decrease in the mo- 
lecular weight of the polyanion increases the solubility of the 
complex. The sulfur content of the polyanion affects the inter- 
action only inasmuch as a minimal amount of sulfur is required 
in order to induce complex formation; once this threshold con- 
centration is reached or exceeded, no additional influence of the 
sulfur content of the polyanion on the type of interaction oc- 
curs. A certain analogy exists between the solubility of lip- 
oprotein-polyanion complexes at pH 8.6 and the barium salts 
of the polyanions in an acid medium. 
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The glycoproteins of serum have become a subject of great 
interest in recent years because of their abundance and their 
wide fluctuations in a variety of physiological and pathological 
states (2). A previous study has indicated that they are in a 
rapid state of turnover (3). However, very little is as yet 
known of the chemical structure of these molecules, even though 
they are of particular interest because of the presence in them 
of firmly linked carbohydrate and polypeptide portions. 

The fetal serum of certain animal species is a particularly suit- 
able source for the isolation of a glycoprotein for a structural 
study because of the presence in such sera of an a glycoprotein 
in very high concentration. This glycoprotein was first de- 
scribed by Pedersen and termed fetuin (4-6). In contrast to 
adult sera which contain a complicated mixture of glycoproteins, 
many present in only low concentration, these fetal sera are of 
simpler composition, containing fetuin as a major protein com- 
ponent, and having no y-globulins and only small amounts of 
B-globulins. 

Previous methods used for the isolation of fetuin, based on 
ammonium sulfate fractionation (5, 6) or the solubility of this 
protein in trichloroacetate buffer (7), yielded preparations of in- 
sufficient purity for structural investigation. In the present 
study a different isolation procedure was used, which utilized a 
low temperature ethanol fractionation in the presence of Ba++ 
and Zn**. This yielded a preparation of fetuin from fetal calf 
serum of a very high degree of purity, being homogeneous both 
by electrophoresis and in the ultracentrifuge over a wide pH 
range. 

This report describes the isolation procedure and demonstrates 
the homogeneity of the fetuin obtained. The chemical composi- 
tion of this glycoprotein is given, including the identification and 
estimation of its sugar components. In addition, sedimentation, 
electrophoretic, and viscosity studies are described. Molecular 
weight calculations are reported on the basis of sedimentation- 
diffusion data. Moreover, the contribution of the high content 
of sialic acid in fetuin to its acid isoelectric point is evaluated on 
the basis of a study of this protein after selective removal of the 
sialic acid. 


* This is publication No. 282 of the Robert W. Lovett Memorial 
Unit for the Study of Crippling Diseases, Harvard Medical School, 
at the Massachusetts General Hospital. A preliminary report of 
this work has been published (1). 

+ Advanced Research Fellow of the American Heart Association. 
Part of this work was done as a Postdoctoral Research Fellow of 
the United States Public Health Service, 1958-1959. 


EXPERIMENTAL PROCEDURE 


Pooled fetal calf serum was used as the starting material for 
the isolation of fetuin. Blood was obtained by intracardiac 
puncture of fetuses of 4 to 9 months gestation at a local slaugh- 
terhouse. The blood was permitted to clot and the serum sep- 
arated by centrifugation. 

Electrophoretic analyses were carried out in a Perkin-Elmer 
model 38 apparatus. The electrophoretic runs were carried out 
at a current of 9.6 ma and the cell was cooled with ice. For 
ultracentrifugal analyses, a Spinco model E instrument was em- 
ployed at a speed of 56,100 r.p.m. and a temperature of 19.5- 
20.5°. Sedimentation constants were corrected to water at 20°. 
Both electrophoretic and ultracentrifugal analyses were per- 
formed in buffers of 0.1 ionic strength. To cover a wide pH 
range, phosphate, barbital-citrate, acetate, formate, glycine, and 
HCl buffers were used. Sodium chloride made up 80% of the 
ionic strength of these buffers, except when 0.1 N HCl was used. 
Occasionally, barbital-citrate buffer, pH 8.6, was used without 
sodium chloride. The protein samples were dissolved in the 
buffers and dialyzed against two liters of the buffer overnight at 
2-4°. 

The sedimentation constant at infinite dilution was deter- 
mined in potassium phosphate buffer, pH 6.5, 0.1 ionic strength, 
with sodium chloride making up 80% of the ionic strength. Par- 
tial specific volume determinations, as well as viscosity and dif- 
fusion measurements, were also made in this buffer. 

The partial specific volume of the protein was determined at 
20° in a 5-ml pycnometer calibrated with distilled water at that 
temperature. 

The viscosity measurements were made at 20° in an Ostwald 
viscometer with a flow time of 183 seconds for water. Measure- 
ments were made in the pH 6.5 buffer, as well as on the isoionic 
protein. The intrinsic viscosity, [n], was determined from the 
following equation, 


[mn] = lim nsp/c 
c20 


in which 7,» = (Nrex — 1)} Msp represents the specific viscosity, 
Nret, the relative viscosity, and c, the concentration of the pro- 
tein in g per 100 ml. 

Acid-base titrations were carried out over the pH range of 2 
to 12 on deionized fetuin and deionized, sialic acid-free fetuin at 


1 The electrophoretic and ultracentrifugal analyses were carried 
out by Miss A. Polis in the laboratory of Dr. K. Schmid. 
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24°. Two milliliters of an approximately 1.8% solution of the 
protein in 0.1 m KCl were titrated with 0.1 Nn HCl or 0.1 n CO:- 
free KOH, with the use of a microburette. Measurements of pH 
were made on a Beckman Zeromatic pH meter with glass elec- 
trode calibrated against pH 4, 7, and 10 buffers. The pH was 
related to the molality of free hydrogen or hydroxyl ions by the 
equation, 


pH = —log mut+ y’at+ = log (mon~ y’oun~/Kw) 


where y’ represents the activity coefficients, m, the molal con- 
centrations of free hydrogen or hydroxy] ions, and K,,, the dis- 
sociation constant of water. To obtain the molality of the free 
hydrogen or hydroxy] ions in a protein solution, it was assumed 
that the activity coefficients depended only on the inorganic 
ions in the solution. The activity coefficients in the absence of 
protein were determined by measuring the pH of known concen- 
trations of HCl or KOH in the presence of KCl at the ionic 
strength used in the titrations. Average activity coefficients 
determined for the pH ranges in which the H+ or OH- concentra- 
tions were sufficiently large, were: —log y+ = 0.696 for pH 3.4 
to pH 2.0; and —log you- = 0.255 for pH 10.4 to pH 12.0. 
The number of milliequivalents of acid or base bound per gram 
or per mole of protein at any pH was calculated from the differ- 
ence between the equivalents of acid or base added ‘and the 
equivalents of free hydrogen or hydroxy] ions present at that pH. 

In order to free the protein of sialic acid, it was heated in 
0.025 n sulfuric acid at 80° for one hour at a protein concentra- 
tion of 0.25%. The hydrolysate was extensively dialyzed 
against distilled water at 2—4° and was then lyophilized. 

Analyses of Sugar Components—Sugars used as standards for 
chromatography and colorimetric analyses were obtained from 
commercial sources with the following exceptions. Galactos- 
amine hydrochloride was kindly supplied by Dr. R. W. Jeanloz 
and mannosamine hydrochloride by Dr. 8. Roseman. N-glyco- 
lylneuraminic acid was a gift of Dr. G. Blix. N-acetylneura- 
minic acid, isolated from human serum, was kindly made avail- 
able by Dr. R. W. Jeanloz, and also by Dr. E. Eylar. - All of the 
sugars used were crystalline preparations. 

Total neutral sugars were determined on the intact protein 
with the anthrone reagent of Roe (8), with a mixture of galactose 
and mannose in a ratio of 1:1 as a standard. Sialic acid was 
determined on the protein either directly by the resorcinol 
method of Svennerholm (9) or after mild acid hydrolysis by the 
thiobarbituric assay of Warren (10). 

For identification and estimation of the individual monosac- 
charides, the optimal hydrolytic conditions for the release of each 
sugar from the glycoprotein were determined. All hydrolyses 
were carried out at a protein concentration of 2 to 3 mg per ml. 

The amino sugars were determined after hydrolysis of the 
protein in 2 N HCl at 100° for 8 hours in sealed tubes. After 
removal of the HCl in a vacuum rotator at 35-40°, the total 
amino sugars were separated on a short Dowex 50 ion exchange 
column and determined by the Elson-Morgan reaction (11). For 
the separate estimation of glucosamine and galactosamine on a 
Dowex 50 column, the method of Gardell was used (12). 

For the release of the neutral sugars, the protein was hy- 
drolyzed in 1.0 N sulfuric acid for 8 hours in sealed tubes at 100°. 
The hydrolysate was neutralized with Ba(OH). and the pH ad- 
justed to approximately pH 5. The BaSO, was removed on a 
fine sintered glass funnel and thoroughly washed with distilled 
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water. The filtrate was then concentrated in a vacuum rotator 
at 35-40°, and then passed through a column of Dowex 50, X-4, 
200 to 400 mesh (H+ form) coupled to a column of Dowex 1, 
X-8, 50 to 100 mesh (formate form) for the removal of the 
charged sugars, amino acids, and other ions. The effluent and 
wash from these columns were concentrated in a vacuum and 
used for the separation and determination of the galactose and 
mannose by either starch column or quantitative paper chroma- 
tography. Mannose and galactose were well separated on a 
starch column in 1-ml fractions with butanol:propanol: water 
(4:1:1) as the mobile phase by the procedure of Gardell (13). 
The mannose peak preceded the galactose by a minimum of 30 
tubes. The fractions were analyzed for reducing sugars by the 
Nelson-Somogyi method (14, 15) after evaporation of the solvent 
from the chromatographic tubes at 35° by streams of filtered air. 
Control studies showed that no destruction of the sugars oc- 
curred during evaporation of the solvent in this manner. 

For the release of the sialic acid, the protein was hydrolyzed in 
0.025 n sulfuric acid at 80° for 1 hour. The hydrolysate was 
neutralized with Ba(OH).to pH 6. After removal of the BaSO, 
by filtration, it was passed through the coupled Dowex 50 and 
Dowex 1 columns. The sialic acid was eluted from the Dowex 1 
column with 0.3 Nn formic acid by the method of Svennerholm 
(16). The formic acid was removed by evaporation in a vacuum 
or by lyophilization. 

For the determination of N-glycolylneuraminic acid in the 
sialic acid eluate, glycolic acid was determined by the method of 
Klenk and Uhlenbruck (17), as modified by MArtensson et al. 
(18). 

Paper Chromatography—Descending chromatograms were run 
in several solvent systems for the identification of the sugars 
present in fetuin. The amino sugars, after elution from the 
Dowex 50 column were chromatographed in a pyridine:ethy] 
acetate: water:glacial acetic acid system, 5:5:3:1, as described 
by Fischer and Nebel (19). For further identification, they were 
converted to their corresponding pentoses, as well as to their 
N-acetyl derivatives. The sugars were dissolved in 0.1 m citrate 
buffer (pH 4.7) and were then degraded to pentoses by reaction 
with ninhydrin by the method of Stoffyn and Jeanloz (20). The 
pentoses were chromatographed in n-butanol:ethanol: water, 
4:1:1. The N-acetyl derivatives were prepared by a modifica- 
tion (3) of the method of Roseman and Daffner (21), and were 
chromatographed on borate treated paper in an ethyl! acetate: 
pyridine: water (2:1:2) system, as described by Cabib et al. (22). 
Before chromatography, the pentoses, as well as the N-acetyl 
derivatives, were deionized by passage through a mixed bed ion 
exchange column (Amberlite MB-3). 

The sialic acids eluted from the Dowex 1 column were chro- 
matographed in n-butyl acetate:acetic acid: water (3:2:1). 
This system gave a good separation of N-glycolylneuraminic 
acid from N-acetylneuraminic acid. The n-butanol:propanol: 
0.1 N HCl system for sialic acids was also used (23). 

The neutral sugars, after passage through coupled Dowex 50 
and Dowex 1 columns, were chromatographed in the following 
solvent systems: n-butanol:acetic acid:water (4:1:5), n-bu- 
tanol:pyridine: water (6:4:3), n-butanol:ethanol:water (10: 
1:2), n-butyl acetate:acetic acid: water (3:2:1), and ethyl ace- 
tate: pyridine: water (2:1:2). 

All sugars were located on the chromatograms by the silver 
nitrate method of Trevelyan et al. (24), the silver oxide back- 
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ground being removed by Kodak liquid x-ray fixer (25). In 
addition, the aniline phthalate reagent was used for the location 
of pentoses, as well as hexoses (26). For the specific detection 
of the sialic acids, the orcinol or resorcinol reagents were em- 
ployed (27, 23). 

Quantitative Paper Chromatography—For the determination of 
galactose and mannose, quantitative paper chromatography was 
used in addition to the use of starch columns. Descending 
chromatograms run on Whatman 3MM paper in n-butanol: 
ethanol: water (10:1:2) for 92 to 96 hours gave an excellent 
separation of the galactose and mannose. In that time the 
mannose migrated an average of 33 cm, whereas the galactose 
moved an average of 22 cm from the origin. Samples containing 
approximately 100 to 150 yg of total neutral hexoses were spot- 
ted. The sugars were located by cutting out and spraying ad- 
jacent strips on which standards had been spotted. Zones of 
paper 5 X 7 cm were cut with reference to the standards, divided 
into small pieces, and placed into test tubes to which 5 ml of 
water were added. The sugars were eluted from the paper by 
gentle shaking of the stoppered tubes for 3 hours. An aliquot 
(1 to 3 ml) from each tube was analyzed for reducing sugars by 
the Nelson-Somogyi copper reduction method, used on a micro 
scale (6 to 60 wg), and was compared to the curve for its ap- 
propriate standard. Paper blanks cut out from the same level 
as the standards were analyzed simultaneously. Correction for 
the paper blanks was essentially negligible on Whatman 3MM 
paper which had been washed before use for several days with the 
solvent followed by distilled water. The average recovery of 
standard sugars was 102%, with a range of 98 to 1C6%. 

Other Analyses—The polypeptide content was determined by a 
modification of the biuret method of Mehl (28, 29). Bovine 
serum albumin (Armour and Company) was used as a standard. 

Nitrogen was determined by a micro-Kjeldahl procedure. 

The ultraviolet spectrum and extinction coefficient at 278 mu 
were determined on the deionized protein in a Beckman model 
DU spectrophotometer. Samples of the protein were deionized 
by passage through a mixed bed ion exchange resin by the pro- 
cedure of Dintzis (30). This procedure resulted in full recovery 
of the protein without any evidence of denaturation. Dry 
weight was determined after heating to constant weight at 100° 
over P.O; in a vacuum. 

The content of tyrosine and tryptophan was determined by 
the method of Bencze and Schmid from the ultraviolet absorp- 
tion spectrum of the protein in 0.1 n NaOH (31). 

Microanalyses for phosphorus, sulfur, and ash were carried out 
by Dr. M. Manser, Ziirich, Switzerland. 


Purification of Fetuin 


Fetuin was isolated from pooled fetal calf serum by the scheme 
shown in Diagram 1. The fractionation was carried out in a low 
temperature alcohol bath. Reagents were made up at room tem- 
perature and precooled before use. When 95% ethanol was 
added, it was precooled to —70°. All reagents were added drop- 
wise with constant stirring. pH determinations were made with 
a glass electrode at room temperature on the sample diluted with 
four volumes of distilled water. The pH was adjusted to 6.4 in 
the first step of the fractionation with 1 m NH,OH-NH.C! buffer, 
pH 10.4, in 19% ethanol. Centrifugation was performed in 
Lusteroid cups in a refrigerated centrifuge. 

The first step of the fractionation procedure was based on 
Method 10 of plasma fractionation of Cohn et al. (32). How- 
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D1aGraM 1 
Isolation of fetuin from fetal calf serum 


Fetal Serum 

Add 2 volumes 0.03 m Zn(Ac)s, 
28.5% ethanol at —5° 

Adjust to pH 6.4 

Let stand 12 to 16 hours 


] 


Centrifuge 


[ 
| | 
Precipitate A Supernatant A (0.02 m Zn(Ac)s, 19% 
(Discard) ethanol) 
Add 1.0 m Ba(Ac):2 and 95% ethanol to 
give 0.02 m Ba**, 25% ethanol at 
—5°, pH 6.7 
Let stand 2 hours 


e 





(crt 





| 
) l 
Precipitate B Supernatant B 
(Discard) Add 95% ethanol to give 
40% ethanol at —10° 
Let stand 12 to 16 hours 


Centrifuge 





. 


| 


Precipitate C Supernatant C 
(Fetuin) (Discard) 





ever, the initial precipitation was carried out in the presence of 
zinc acetate and ethanol with the elimination of a prior precipita- 
tion in the presence of sodium acetate and ethanol. Moreover, 
changes were made in the pH and in the dilution of the serum. 
This first step removed most of the plasma proteins other than 
fetuin, and also precipitated any hemoglobin present due to the 
high fragility of the fetal red cells. Precipitate B was very 
slight in amount, whereas precipitate C, representing the fetuin, 
was a copious white precipitate. 

Precipitate C was dissolved in a solution of trisodium citrate 
and dialyzed for several days against distilled water at 2-4° to 
remove the zinc and barium ions. The preparation was then 
lyophilized. 


RESULTS 

Fractionation of Fetal Calf Serum—On electrophoresis of pooled 
fetal calf serum at pH 8.6, the albumin peak was found to repre- 
sent approximately 38% of the total proteins, whereas the a 
peak, in which the fetuin is located, represented approximately 
46% of the serum proteins. The remaining protein was dis- 
tributed in peaks of lower mobility. The average protein con- 
centration of ten pools of fetal serum was 3.50 g per 100 ml. The 
protein concentration increased with the age of the fetus. The 
protein-bound carbohydrate of pooled fetal serum was 132 mg 
of hexose (galactose and mannose) per 100 ml, 137 mg per 100 
ml of sialic acid, and 109 mg per 100 ml of hexosamines; the 
fucose content was negligible. The hexose to polypeptide ratio, 
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multiplied by 100, was 3.78 for whole serum, 2.65 for precipitate 
A, 8.42 for precipitate B, and 11.2 for precipitate C (fetuin). 
Precipitate A represented approximately 70% of the polypeptide 
content of the starting serum and on electrophoresis was seen to 
consist primarily of albumin, but with some a:-globulins and the 
other slower components. Precipitate B contained less than 1% 
of the initial polypeptide and showed on electrophoresis both 
albumin and an a peak. The yield of fetuin after dialysis and 
lyophilization was on the average 690 mg per 100 ml of serum, 
with a range of 502 to 811 mg per 100 ml. The fractionation 
procedure was applied to volumes of fetal serum varying from 10 
ml! to 1500 ml with equally good results. 

Homogeneity Studies—The fetuin prepared in the above man- 
ner was extensively studied by electrophoresis and in the ultra- 
centrifuge over a wide pH range. By both techniques it appeared 
homogeneous over the entire pH range, from pH 1.1 to 11.2. 
The protein was examined electrophoretically at pH 1.1, 1.8, 2.3, 
3.1, 3.2, 3.6, 4.0, 5.5, 8.4, 10.1, and 11.2. Examples of electro- 
phoretic patterns at several pH values are shown in Fig. 1. It 
is of interest that in the pH range from 5.5 to 11.2 there is a 
difference in shape between the ascending and descending elec- 
trophoretic patterns. A similar observation was made by 
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Fic. 1. Ascending and descending electrophoretic patterns of 
fetuin at several pH values. The buffers and the times were as 
follows: pH 1.1, 0.1 N HCI, 180 minutes; pH 3.2, glycine-NaCl, ionic 
strength, 0.1, 180 minutes; pH 4.0, acetate-NaCl, ionic strength, 
0.1, 90 minutes; pH 8.6, barbital-citrate, 0.1 ionic strength, 60 
minutes; pH 10.1, glycine-NaCl, 0.1 ionic strength, 120 minutes. 
In the pH 3.2, 4.0, and 10.1 buffers, NaCl made up 80% of the ionic 
strength. The salt boundaries are designated. 
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Fic. 2. Ultracentrifugal patterns of fetuin at several pH values. 
The buffers used were as follows: pH 11.2 and 6.5, phosphate-NaCl; 
pH 2.3 and 3.2, glycine-NaCl. All the buffers were 0.1 ionic 
strength with NaCl making up 80% of the ionic strength. 


Schmid (33) in his study of the acid glycoprotein of human 
serum. 

The sedimentation studies were carried out at pH 1.1, 2.3, 3.2, 
4.0, 5.3, 6.5, 10.1, and 11.2. The patterns at several pH values 
are shown in Fig. 2. The patterns obtained at pH 3.2 and below 
were somewhat different in appearance from those obtained at 
higher pH values. This difference in appearance may be related 
to an increased rate of diffusion associated with the configura- 
tional changes which the protein undergoes at these more acid 
pH values, which will be discussed in a later section of this 
paper. 

Solubility of Fetuin—The protein was soluble in 7% trichloro- 
acetic acid and in 1.2 m perchloric acid, but was precipitated by 
the addition of 5% phosphotungstic acid in 2 N HCl. When the 
extensively dialyzed protein was boiled in distilled water for as 
long as 30 minutes, no coagulation occurred. However, the 
deionized preparation when boiled in distilled water coagulated 
immediately. When minute amounts of NaCl were added to 
the deionized protein, it became resistant to coagulation by 
boiling. Moreover, when the protein was dialyzed against ace- 
tate buffer at pH 4.0, the pH of the deionized protein (isoionic 
point), no precipitation occurred upon boiling. This suggests 
that the resistance of fetuin to heat coagulation depends on the 
presence of small amounts of salt in the solution. 

Sugar Constituents of Fetuin—From Table I it may be seen 
that fetuin has a large carbohydrate component. The hexosa- 
mines account for 5.5% of the weight of the protein or 6.8% 
when expressed as the N-acetyl derivatives. The amino sugars 
were identified as glucosamine and galactosamine, present in a 
ratio of 8 to 1. These two sugars were identified directly by 
paper chromatography in the Fischer-Nebel solvent system and 
by separation on the Dowex 50 column of Gardell, and as their 
pentose and N-acetyl derivatives by paper chromatography. 
The presence of mannosamine was excluded by the chromatog- 
raphy of the N-acetyl derivatives in the system of Cabib et al. 
(22), in which, relative to the migration of N-acetylglucosamine 
(GNAc), N-acetylmannosamine had an Rgwa- of 0.80 and N-ace- 
tylgalactosamine had an Rewa- of 0.87. 

On paper chromatography of the sialic acid fraction, only a 
single spot corresponding to N-acetylneuraminic acid was iden- 
tified. In the n-butyl acetate: acetic acid: water system (3:2:1), 
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Chemical composition of fetuin 
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« Expressed as percentage of the deionized, moisture-free pro- 
tein. 

* Calculated on the basis of a molecular weight of 48,400. 

¢ Expressed as the free base. If expressed as the N-acetyl 
hexosamines, the value would be 6.8%. 

4 Expressed as N-acetylneuraminic acid. Approximately 7% 
of the sialic acid is N-glycolylneuraminic acid. 


standard N-glycolylneuraminic acid moved at 0.66 the rate of 
N-acetylneuraminic acid. Good separation was also seen in the 
butanol: propanol: HCl system. Even though no N-glycolyl- 
neuraminic acid was detected on paper chromatography, the 
colorimetric determination for glycolic acid revealed its presence 
in the sialic acid fraction eluted from the Dowex 1 column. 
From the glycolyl determination, it would seem that 7% of the 
entire sialic acid is present as the N-glycolyl form, which is small 
enough to escape detection by the paper chromatography. In 
order to explore the possibility that other very labile forms of 
sialic acid were present, the isoionic protein (pH 4) was heated at 
100° for 1.5 and 3 hours in distilled water. The sialic acid re- 
leased was separated from the protein by dialysis and since the 
preparation was salt free, was chromatographed directly follow- 
ing concentration in a vacuum. This procedure removed the 
possibility of degradation by the Dowex 1 column or by concen- 
tration in the presence of formic acid. Nevertheless, on chroma- 
tography, no faster moving spots, such as the diacetyl forms of 
neuraminic acid (34), were observed, and only a single spot mi- 
grating alongside the N-acetylneuraminic acid standard was 
present. 

Determinations of total sialic acid by the resorcinol method 
and thiobarbituric assay were in good agreement. By the re- 
sorcinol determination an average of 8.7% sialic acid, expressed 
as the N-acetyl form, was detected, whereas the thiobarbituric 
acid assay gave an average value of 8.9%. 

The neutral sugars present were identified as galactose and 
mannose by paper chromatography in all the solvent systems 
used. There was no evidence of fucose, either by the Dische- 
Schettles colorimetric reaction (35) or by paper chromatography 
after acid hydrolysis under varied conditions of acid strength 
and length of hydrolysis. 

Galactose and mannose were shown to be present in the ratio 
of 3 to 2. The determination of these two sugars by starch 
column and by quantitative paper chromatography were in good 
agreement. The values obtained by use of the starch columns 
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were galactose 4.3% and mannose 3.0%, with a ratio of 2.9 to 2, 
and the average values from paper chromatography were gal:c- 
tose 4.7% and mannose 3.0%, with a ratio of 3.1 to 2. The 
average of all determinations is indicated in Table I. 

The difference between the hexose content as determined by 
the anthrone reaction on the whole protein and the sum of the 
galactose and mannose (Table I) is to a great extent accounted 
for by the small contribution which sialic acid makes to the 
anthrone determination (approximately 5% of the color obtained 
with galactose and mannose on a weight basis). 

Ultraviolet Absorption—Fetuin gave an ultraviolet spectrum 
characteristic for a protein, with a maximum at 278 mu. The 
extinction coefficient of the deionized protein in distilled water, 
corrected to dry weight, was E}%,, = 4.10. By the method of 
Bencze and Schmid the tyrosine content was found to be 2.3% 
and the tryptophan content 0.94%, which corresponds to ap- 
proximately 6 tyrosine and 2 tryptophan residues per mole of 
protein, calculated from the molecular weight of 48,400. 

Other Chemical Analyses—The polypeptide content of 74% 
and nitrogen value of 12.2% are consistent with the high carbo- 
hydrate content of this protein. No phosphorus could be de- 
tected. The sulfur is probably of amino acid origin (Table I), 

Assay for Biological Activity—A deionized sample of fetuin was 
tested by Dr. H. W. Fisher for ability to promote the stretching 
and attachment of cultured mammalian cells. Fisher et al. 
have shown such activity to be present in fetuin prepared by 
ammonium sulfate fractionation (36). When the fetuin pre- 
pared in the manner outlined in this study was tested, it demon- 
strated no ability to promote stretching or attachment of the 
8-3 strain of HeLa cells, even at very high concentrations (2 


mg/ml). This is consistent with the work of Lieberman et al. 
(37). With a fetuin preparation obtained by ammonium sulfate 


precipitation, they were able to separate the biologically active 
factor from the fetuin by chromatography of the preparation 
on a DEAE-cellulose column. It would seem that the active 
factor has also been well separated from the fetuin by the frac- 
tionation procedure of the present study. 

Immunochemical Studies*@—Immune sera were prepared in 
rabbits by the injection of purified fetuin and unfractionated 
pooled, dialyzed fetal calf serum, and double diffusion studies 
were carried out by the method of Ouchterlony (38). This re- 
action between fetuin and rabbit anti-fetuin yielded only one 
precipitin band. Also, when fetuin was reacted against rabbit 
anti-fetal calf serum, only one band of precipitation was ob- 
served, in comparison to the five bands which were observed 
when fetal calf serum was reacted against rabbit anti-fetal calf 
serum. When unfractionated fetal calf serum was reacted with 
rabbit anti-fetuin, a very faint band was observed preceding the 
main band. Since this last procedure is the most sensitive, the 
appearance of the second band could be accounted for by as little 
as 0.1% impurity. On the other hand, it may represent a cross 
reaction between anti-fetuin and another serum protein. 

Sedimentation Studies—The sedimentation constant, 820,, of 
fetuin at pH 6.5 is plotted by the method of least squares as 4 
function of the protein concentration in Fig. 3. A pronounced 
variation of the sedimentation constant with protein concentra- 
tion is evident, indicating an asymmetrical molecule. From the 
intercept of this plot, a sedimentation constant of 3.47 S at 


2 The immunochemical analyses were kindly performed by Dr. 
Lawrence Levine. 
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infinite dilution is obtained. From the slope of the line and its 
intercept, the following relationships may be obtained: so... = 
3.47 — 0.48 c, in which 829, is in Svedberg units and c represents 
the protein concentration in grams per 100 ml. To determine 
whether there was adequate dampening of the primary charge 
effect at the ionic strength of 0.1 at which these determinations 
were carried out, the protein was studied in the ultracentrifuge 
at the same pH but at the higher ionic strength of 0.2 and 0.5, 
achieved by the presence of a higher concentration of NaCl. 
The 820,0 of a 0.96% protein solution at both of these higher 
ionic strengths was 3.06 S, compared to a 820,~ of 3.01 S at 0.1 
ionic strength at this protein concentration, as obtained from the 
curve in Fig. 3. The difference is probably not significant and 
suggests adequate dampening at 0.1 ionic strength. 

Partial Specific Volume—The average partial specific volume 
at pH 6.5 was Vo = 0.696 ml per g. Values were obtained at 
protein concentrations of 2.35, 1.81, and 1.34%. The values of 
V» at these concentrations were 0.688, 0.703, and 0.698, respec- 
tively. 

Diffusion*—The diffusion constant was determined at 20.1° 
on a 2.41% solution of fetuin in the pH 6.5 buffer. The diffu- 
sion constant at infinite dilution and corrected to zero time was 
Ds... = 5.73 X 10-7 cm? per second. The diffusion constant 
varied with concentration according to the following equation: 
Deo,w = (5.73 + 0.39 c) X 10-7 cm? per second, where c repre- 
sents grams of protein per 100 ml. 

Molecular Weight and Frictional Coefficient—The molecular 
weight of fetuin was calculated by means of the Svedberg equa- 
tion (39) from the values given above for s, D, and V, that is, 
s = 3.47 X 10-* seconds, D = 5.73 xX 1077 cm? per second, 
and V = 0.696 ml per g. These were all determined in the 
same pH 6.5 buffer and corrected to water at 20°. This calcu- 
lation gives a molecular weight of 48,400. The frictional ratio, 
f/f., (39) calculated from these constants is 1.58. The axial 
ratios obtained from the frictional ratio by Perrin’s relation, on 
the basis that the protein is an unhydrated ellipsoid of revolution, 
are 10.8 for a prolate ellipsoid and 13.3 for an oblate ellipsoid 
(39). 

Viscosity—Viscosity measurements carried out in the pH 6.5 
buffer are plotted as specific viscosity per unit concentration, 
N:p/c, against concentration by the method of least squares in 
Fig. 4. From the intercept, the value for the intrinsic viscosity 
at pH 6.5, [nloo, was found to be 7.8 ml per g. The value of the 
viscosity increment, v, calculated from the intrinsic viscosity, 
{n], and the partial specific volume, V, from the relation vy = 
100[n]/V (40), was found to be 11.2 at this pH. The axial ratios 
obtained from the viscosity increment from Simha’s relation, on 
the basis that the molecule is an unhydrated ellipsoid of revolu- 
tion, are 8.8 for a prolate ellipsoid and 14.7 for an oblate ellip- 
soid (41). There seems to be good agreement between the axial 
ratios obtained from the viscosity measurements and those ob- 
tained from the sedimentation and diffusion data. 

Effect of pH on Sedimentation and Viscosity—In ultracentrifu- 
gal analyses at pH values above the isoelectric point, there was 


* The author wishes to thank Dr. Martha Ludwig, Department 
of Physical Chemistry, Harvard Medical School, for carrying out 
the diffusion measurements and making the calculations. A 
Spinco model H electrophoresis-diffusion apparatus with an inter- 
ferometric optical system was employed. The diffusion constant 
was calculated by the method of Thompson and Oncley (in prepa- 
ration). 
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PROTEIN CONCENTRATION GM/I0O ML 


Fig. 3. Effect of protein concentration on the sedimentation 
constant of fetuin. The determinations were made in phosphate- 
sodium chloride buffer, pH 6.5, ionic strength 0.1, with sodium 
chloride contributing 80% of the ionic strength (@), with the ex- 
ception of two determinations in which the sodium chloride was 
increased to 0.18 and 0.48 ionic strength and which gave the same 
sedimentation constant (O). 
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Fic. 4. A plot of specific viscosity per unit concentration 

against concentration of fetuin. The determinations were carried 

out in a phosphate-sodium chloride buffer, pH 6.5, 0.1 ionic 


strength, with the sodium chloride contributing 80% of the ionic 
strength. 


no significant variation in the sedimentation rate from that 
determined at pH 6.5. However, at the pH of the isoelectric 
point, and below, an increase in the sedimentation rate was ob- 
served. At pH 3.2, the sedimentation coefficient 82, for a 
1.12% solution was 4.15 S, as compared to a sedimentation co- 
efficient of 2.93 S at pH 6.5 for this protein concentration. The 
increased sedimentation rate at pH 3.2 cannot be explained by a 
decrease in primary charge effect, since it has already been shown 
that this effect was adequately dampened at pH 6.5 in 0.1 ionic 
strength buffer. A determination of the intrinsic viscosity, 
[n]2o, of the isoionic protein revealed it to be 5.1 ml per g com- 
pared to 7.8 ml per g at pH 6.5. Since the increased sedimenta- 
tion around the isoelectric point is accompanied by a decrease in 
viscosity, it seems likely it is due to a change in molecular shape 
rather than to an increase in molecular weight. A reasonable 
estimate of the molecular weight can be made from the sedimen- 
tation and viscosity data by the formulation of Scheraga and 
Mandelkern (42) in the manner proposed by Schachman (43). 
The value of 8 in this formulation was calculated to be 2.21 x« 10 
for fetuin from the data obtained at pH 6.5. With this 6 value, 
a molecular weight of 49,700 was calculated from the sedimenta- 
tion at pH 3.2 and the intrinsic viscosity of the isoionic protein. 
A change in molecular shape could account for the differences 
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Fic. 5. A plot of electrophoretic mobility against pH for fetuin, 
on the left, and sialic acid-free fetuin, on the right, with the dotted 
line indicating the isoelectric points. All buffers were 0.1 ionic 
strength, with sodium chloride making up 80% of the ionic 
strength. Buffers used were: pH 1.8, 0.02 n HCI; pH 2.2 to 3.2, 
glycine; pH 3.6, formate; pH 4.0 to 5.5, acetate; pH 6.2, phos- 
phate; pH 8.4, barbital-citrate; pH 10.1, glycine; pH 11.2, phos- 
phate. 


observed at the various pH values, with the protein having a 
relatively compact configuration at the isoelectric point and a 
more extended, asymmetric shape on the alkaline side of this 
point (44). 

Isoelectric and Isoionic Points—The electrophoretic mobility 
of fetuin is plotted against pH in Fig. 5. The isoelectric point 
obtained from this graph is pH 3.3. The mobility in barbital- 
citrate buffer, pH 8.6, 0.1 ionic strength, was 5.6 cm? per volt 
second. 

The isoionic point determined from the pH of a 2% solution 
of the deionized protein in distilled water was pH 4.03. At this 
pH the correction of the isoionic point for excess of hydrogen 
ions is negligible, being equivalent in a 2% solution to a net 
negative charge of 0.0048 meq per g of protein. 

The large difference observed between the isoelectric and iso- 
ionic points suggests strong anion binding by the protein. The 
isoionic point was raised to pH 4.21 in the presence of 0.15 m 
KCl, confirming a preferential anion binding. 

Sialic Acid-free Fetuin—In order to determine to what extent 
the acidic nature of fetuin is related to its high sialic acid content 
(8.7%), a sialic acid-free protein was prepared. By heating 
fetuin in 0.025 n sulfuric acid at 80° for 1 hour, 98% of the sialic 
acid was removed. This treatment did not cause the release of 
any other sugars or amino acids, as judged from paper chroma- 
tography of the concentrated dialysate of this preparation. In 
addition, there was no ninhydrin reacting material in this di- 
alysate. The anthrone reaction on the treated, dialyzed protein 
showed a decrease of approximately 5%, which is consistent with 
the small contribution which sialic acid makes to this reaction 
when done on the whole protein. The ultraviolet absorption 
spectrum of the sialic acid-free protein showed no change from 
the untreated protein. All of the material absorbing at 278 mu 
remained nondialyzable after the acid treatment, making it 
possible to equate the sialic acid-free protein with the untreated 
protein on a molar basis by its extinction at 278 mu. 

Ultracentrifugal analysis of the sialic acid-free protein showed 
that most of the protein sedimented at about the same rate as the 
untreated protein, with a value of 82, of 3.2 S for a 0.7% solu- 
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tion. In addition, a small amount of a faster sedimenting com- 
ponent was evident. 

The sialic acid-free protein was studied by electrophoresis over 
the pH range of 2.2 to 8.4. The protein was present at all of 
these pH values as a single component, except at pH 5.3, at 
which a very small second component was present in the ascend- 
ing pattern. This slight heterogeneity close to the isoelectric 
point may represent incomplete removal of the sialic acid from a 
smal] number of molecules. In Fig. 5 the electrophoretic mo- 
bility of the sialic acid-free protein is plotted as a function of pH. 
Removal of the sialic acid raised the isoelectric point of the pro- 
tein from pH 3.3 to pH 5.2. From a comparison of the two 
graphs in Fig. 5, it may be noted that the sialic acid-free protein 
has a reduced electrophoretic mobility in the alkaline range. In 
the pH values below the isoelectric point, on the other hand, 
there is a pronounced increase in the migration of the sialic 
acid-free protein toward the cathode compared with the un- 
treated fetuin. The increased mobility of the treated protein 
in the acid range is greater than can be accounted for by its 
higher net positive charge, as calculated from the titration 
curves, taking into account the anion binding of both proteins 
(Fig. 6). It may be conjectured that the removal of the periph- 
erally located sialic acid molecules may permit a more effective 
expression of the positively charged groups of the protein with a 
change in the surface charge density. 

The isoionic point of the sialic acid-free protein determined 
on a 0.5% solution of the deionized protein was pH 5.33, com- 
pared to pH 4.03 for the untreated protein. It may be noted 
that the difference between the isoelectric and isoionic points of 
the sialic acid-free protein is much smaller than the difference 
observed between the isoelectric and isoionic points of the un- 
treated fetuin. This suggests a smaller degree of anion binding 
by the sialic acid-free protein. 

In Fig. 6 the titration curves for fetuin and sialic acid-free 
fetuin are plotted from pH 2 to pH 12, showing the difference in 
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MILLIEQUIVALENTS ACID OR BASE PER GRAM 


Fic. 6. Titration curves of deionized fetuin (X) and deionized, 
sialic acid-free fetuin (@). The milliequivalents of acid or base 
added are expressed per gram of dry weight of fetuin. In the 
sialic acid-free preparation, the data are expressed per gram of 
the untreated fetuin using the identical molar extinction coeffi- 
cients of the two preparations. The values for either preparation 
may be converted to equivalents per mole of protein by use of 
the molecular weight of 48,400. 
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their isoionic points. Beyond this pH range the magnitude of 
the blank was too great for accurate determination of acid or 
base bound by the protein. On the alkaline side of about pH 4, 
the titration curves are essentially the same, indicating that the 
same number of groups are being titrated in the two preparations 
and that no new groups have been exposed in this range. For 
example, in the pH range 6.0 to 8.5, 0.20 meq of base were bound 
per g of fetuin (9.6 eq per mole of protein) compared with 0.21 
meq of base bound by the sialic acid-free fetuin (10.2 eq per 
mole). Similarly, in the pH range 8.5 to 11.5, 0.59 meq of base 
were bound per g of fetuin (28.5 eq of base per mole) compared 
to 0.57 meq of base which were bound per g by the sialic acid- 
free protein (27.5 eq per mole). The displacement of the curve 
for the sialic acid-free protein from the curve of the native fetuin 
in the range above pH 4 is approximately 0.25 meq per g of pro- 
tein (12.1 eq per mole). At the isoionic point of the sialic acid- 
free protein (pH 5.3), for example, the two curves are separated 
by 0.26 meq of base per g, representing a net negative charge of 
12.6 on the untreated fetuin. This compares well with the 
chemically determined sialic acid content of the untreated pro- 
tein, which was 0.28 meq per g (13.6 residues per mole). On the 
acid side of pH 4 there is a marked difference between the titra- 
tion curves of fetuin and sialic acid-free fetuin. From a plot of 
the difference between the two curves below pH 4 a titration 
curve with a pK of approximately 2.4 (2.3 to 2.4) may be ob- 
tained, which compares well with the pK of 2.6 reported for free 
sialic acid (16). It may be noted that, although the titration 
curve for the treated protein levels off at about pH 2.5, the titra- 
tion curve for the native fetuin has not leveled off even at pH 
2.0. From the slope of the curve of the untreated protein at 
pH 2, it seems likely that at least as many equivalents of acid 
must be added from the isoionic point to the end of the titration 
curve as in the case of the sialic acid-free protein. This confirms 
the data obtained from the remainder of the titration curves 
indicating that no new cationic groups have been exposed on the 
sialic acid-free protein. 


DISCUSSION 


It would seem that the fractionation of fetal calf serum at low 
temperatures with ethanol and metal ions, as done in the present 
study, yields a fetuin preparation in high degree of purity. The 
extent of purification achieved by this procedure is indicated by 
the fact that the protein appeared homogeneous by electro- 
phoresis and in the ultracentrifuge over the pH range of 1.1 to 
11.2. Chemical and physical determinations of fetuin prepara- 
tions from five separate fetal calf serum pools were the same 
within the error of the experimental methods. 

Pedersen noted in his fetuin preparations isolated by am- 
monium sulfate fractionation 11% of a component with so = 
20 S (6). No evidence of such a high molecular weight com- 
ponent was evident in the sedimentation analysis of the present 
preparation, nor was any heterogeneity apparent in the acid 
range, such as had been observed by Deutsch (7). This in- 
vestigator observed two components on electrophoresis in the 
range of pH 2.8 to 4.8 and several components in the ultra- 
centrifuge around pH 3. It is of interest that the present fetuin 
preparation is also of a high degree of purity on the basis of 
immunochemical criteria. In contrast, the fetuin prepared by 
Deutsch’s procedure was reported to be immunochemically quite 
heterogeneous, producing six precipitin bands (45). No phos- 
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phorus was detected in the present study, in contrast to variable 
amounts of phosphorus reported by both Pedersen and Deutsch. 

In general, the physical constants of the present fetuin prepa- 
ration (Table II) are in good agreement with those of Pedersen’s 
preparation, which had sedimentation constants at infinite dilu- 
tion of 3.09 S and 3.23 S, molecular weight by sedimentation- 
diffusion of 48,700, and an isoelectric point of pH 3.5 (6). The 
values in the present study are in less close agreement with those 
of Deutsch, who reported a sedimentation coefficient at infinite 
dilution of 2.86 S, molecular weight by sedimentation-diffusion 
of 45,000 and an isoelectric point of 3.4 for the major component 
and approximately pH 4.4 for the minor component of his fetuin 
preparation (7). A molecular weight of 45,000 + 2900, obtained 
by light scattering techniques, has been reported for fetuin pre- 
pared by ammonium sulfate fractionation (46). 

The solubility properties of fetuin permit its isolation from 
fetal calf serum in a manner similar to that used by Schmid in 
his study of the a; and a, glycoproteins of human serum (47). 
Fetuin, like these low molecular weight glycoproteins of human 
serum, stays in solution after the precipitation of most of the 
other plasma proteins by ethanol in the presence of zinc at low 
temperature (32). Even though the exact concentration of 
fetuin in fetal calf serum has not been measured directly, from 
the yield alone as a minimal value, it is apparent that fetuin is a 
major protein component of fetal serum. Fetuin is present in 
considerably higher concentrations than the soluble a glycopro- 
teins of adult human serum. Its concentration is approximately 
10 times that of the a acid glycoprotein, the most abundant of 
these soluble glycoproteins. 

The presence of carbohydrate was noted by Deutsch in his 
fetuin preparation (7). Some carbohydrate analyses have also 
been reported for fetuin prepared by ammonium sulfate frac- 
tionation (48, 49). The present study (Table I) has demon- 
strated that fetuin contains as its sugar constituents galactose, 
mannose, glucosamine, galactosamine, and sialic acids. Of note 
is the presence of galactosamine in addition to glucosamine in 
fetuin. In the well studied a; acid glycoprotein (orosomucoid) 
of human serum, only glucosamine has been detected (50, 51). 
The absence of fucose is also of interest, as many serum glyco- 
proteins, including the a acid glycoprotein, contain small 
amounts of this sugar (52). Sialic acid is primarily present as 
the N-acetyl form. However, approximately 7% of the total 
sialic acid, representing 1 residue per mole of protein, seems to 
have an N-glycolyl group. This is in agreement with the obser- 
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vation of Klenk and Uhlenbruck, who noted the presence of 
small amounts of glycolic acid in the sialic acid which they iso- 
lated from fetuin (17). 

From Table I it may be seen that the molar ratio of sialic acid 
to galactose to hexosamines is close to 1:1:1. Mannose is pres- 
ent in significantly smaller amounts, such that the ratio of galac- 
tose to mannose is 3 to 2. The presence of galactose in greater 
amounts than mannose has also been reported for the a acid 
glycoprotein (orosomucoid) by Yamashina (51). 

The presence of small amounts of N-glycolylneuraminic acid 
and relatively small amounts of galactosamine raises the inter- 
esting problem of whether these sugar components occupy spe- 
cific sites in the fetuin molecule, or whether they occupy the 
same structural sites as their more abundant counterparts, N- 
acetylneuraminic acid and glucosamine, due to a lack of specific- 
ity of the glycoprotein synthesizing enzyme. 

The present study has indicated that the acid nature of fetuin 
is attributable to its sialic acid content. This was demonstrated 
by selective removal of the sialic acid from the protein, following 
which a rise in the isoelectric point from pH 3.3 to pH 5.2 was 
noted, along with a shift in the titration curve corresponding to 
a loss of an approximately equivalent number of strongly acid 
groups. The low isoelectric point of the acid glycoprotein 
(orosomucoid) of adult human serum has also been shown to be 
due to its sialic acid content. Popenoe and Drew (53) showed 
a similar increase in the isoelectric point and shift in titration 
following enzymatic removal of the sialic acid from the human 
acid glycoprotein, and Yamashina (51) has reported an increase 
in the isoelectric point of the acid glycoprotein after removal of 
the sialic acid by mild acid hydrolysis. 

Sialic acids have been shown to occupy terminal positions in a 
number of mucosubstances and to be released by enzymatic or 
mild chemical means (54). From the selective removal of the 
sialic acid by very mild acid hydrolysis in this study, it seems 
that the 13 to 14 residues of sialic acid in fetuin also occupy 
terminal positions on the molecule with their carboxyl groups 
free to confer acid characteristics on this protein. 

The structure of the remainder of the carbohydrate compo- 
nent of fetuin and the nature of the carbohydrate-protein link- 
age are being investigated at the present time. 


SUMMARY 


Fetuin, an a glycoprotein of fetal calf serum, has been iso- 
lated in a high degree of purity by means of a low temperature 
ethanol fractionation in the presence of zinc and barium ions. 
The glycoprotein appeared homogeneous by electrophoresis and 
in the ultracentrifuge over the pH range 1.1 to 11.2. Chemical 
determinations on this preparation are reported. The poly- 
peptide portion represented 74% of the molecule, with the re- 
mainder being carbohydrate in nature consisting of galactose, 
mannose, glucosamine, galactosamine, and sialic acids. 

Physical chemical studies have been carried out on this fetuin 
preparation. At pH 6.5 the sedimentation constant extrapolated 
to infinite dilution was 3.47 §S; its diffusion constant at zero 
concentration was 5.73 < 10-7 cm? per second; the partial specific 
volume was 0.696; and the intrinsic viscosity was 7.8 ml per g. 
The molecular weight was calculated to be 48,400. At pH 6.5 
the frictional ratio was 1.58 and the viscosity increment 11.2, 
both indicating a fairly asymmetric molecule. Some effects of 
pH on molecular shape are reported and the high anion binding 
property of the protein is noted. 
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The protein had an electrophoretic mobility of 5.6 cm? per 
volt second at pH 8.6. Its isoelectric point was pH 3.3 and its 
isoionic point was pH 4.0. After selective removal of the sialic 
acid from the protein by very mild acid hydrolysis, the isoelectric 
point was raised to pH 5.2 and the isoionic point was raised to 
pH 5.3. Moreover, a shift in the titration curve of the protein 
was observed corresponding to a loss of strongly acidic groups 
approximately equal in number to the sialic acid residues re- 
moved. It seems that the acidic nature of fetuin is primarily 
the result of its peripherally located sialic acid. 
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Earlier work (1) described the separation from bovine nasal 
cartilage of a product consisting of chondroitin sulfate and pro- 
tein. Absence of hydroxyproline indicated that the protein was 
not collagen. Evidence was submitted that the protein and 
polysaccharide were combined. A later study (2) described an 
improved method for isolating the same product in yields up to 
45% of the dry weight of the cartilage and suggested for it the 
name chondromucoprotein. On electrophoretic examination the 
product migrated as a single component over a pH range from 
1 to 10, and moved with constant mobility between pH 5 and 10. 
At pH over 10 it dissociated irreversibly into two components, 
one of which resembled chondroitin sulfate (3). In the course 
of a study on the sedimentation behavior of chondromucopro- 
tein, it was noticed that although most of the material sedimented 
as a single homogeneous peak, there was also an alteration of the 
solution base-line which suggested piling up of some very rapidly 
sedimenting material. With this clue, it was then found that 
chondromucoprotein could be separated centrifugally into two 
distinct fractions. The present work describes this separation 
and some of the properties of these fractions. Since both are 
composed of protein and polysaccharide, they will be referred to 
as proteinpolysaccharides (PP) and distinguished as PP-L (light) 
and PP-H (heavy) according to their sedimentation character- 
istics. 


EXPERIMENTAL PROCEDURE 


Preparation—Chondromucoprotein as its potassium salt, pre- 
pared as described previously (2) from acetone-dried bovine na- 
sal cartilage, was used as the starting material. A solution made 
by stirring chondromucoprotein (2.4 g) with 0.15 m KCl (400 ml) 
for 4 hours was opalescent, and if centrifuged at 2,000 r.p.m. 
(1000 xX g) for 4 hour yielded no significant deposit. The solu- 
tion was centrifuged in a Spinco model L ultracentrifuge in a 
number 30 rotor at 30,000 r.p.m. (78,000 x g) for 2 hours, in 
order to remove all of the rapidly sedimenting material. The 
supernatant solution (310 ml) had only a faint opalescence. It 
was poured off from the loose gel of sedimented material (Ri, 
80 ml). To the supernatant solution was added ethanol (620 
ml), which immediately produced a white amorphous precipitate. 
This was separated by centrifuging, washed in the centrifuge 
with ethanol and ethyl ether, and dried ina vacuum. The prod- 
uct (PP-L) weighed 1.2 g. 

* The work reported has had support by United States Public 
Health Service Grants H-3173 (C3) for the Multidisciplinary Study 


of Aging, A-2594, A28 (C8) and A1431 (C3); and from the Arthritis 
and Rheumatism Foundation. 


The loose gel of sedimented material (R;) contained all of the 
PP-H as well as significant amounts of PP-L. Its purification 
presented some difficulty, since it seemed to become less readily 
soluble in 0.15 m KCl as purification progressed. After a variety 
of methods was tried, the following procedure was adopted. 
The gel (Ri, 80 ml) was dissolved in 0.15 m KCl (300 ml) by 
stirring with the VirTis 45 homogenizer (hereafter referred to as 
V45) at its lowest speed (estimated to be about 1000 r.p.m.) for 
45 minutes. The strongly opalescent solution was first cen- 
trifuged at 1000 r.p.m. (250 X g) for 30 minutes to remove a 
small amount of sediment which was discarded. Centrifuging 
the supernatant in a number 30 rotor at 30,000 r.p.m. (78,000 x 
g) for 20 minutes produced a gel of sedimented material (Re, 60 
ml) and a clear supernatant solution (800 ml). Addition of 
ethanol (600 ml) to the supernatant solution yielded a further 
white flocculent precipitate of PP-L which, after being washed 
with ethanol and ethyl ether and dried, weighed 0.4 g. The 
sedimented gel, Re, was put through the same procedure as the 
gel R:. This yielded an additional amount of PP-L (0.1 g) and 
a third gel (R3, 50 ml) which was washed in the centrifuge with 
ethanol and ethyl] ether and dried in a vacuum, yielding a grayish 
white product PP-H in a yield of 0.3 g. The total yield of PP-L 
in over a dozen such preparations was 70 to 75%, and the yield 
of PP-H was 12 to 15% of the chondromucoprotein. Purifica- 
tion of the three fractions of PP-L by further centrifugation of a 
solution (0.6%, weight per volume, in 0.15 m KCl) at 40,000 
r.p.m. (105,000 x g) with a number 40 rotor in the Spinco model 
L ultracentrifuge for 1 hour, yielded only a negligible further 
gel-like sediment. After this, PP-L was precipitated from the 
supernatant solution by addition of 2 volumes of alcohol and 
when dried gave a recovery of 95%. Analytical data on such 
recentrifuged PP-L were the same as for that first precipitated. 
Thus PP-L contains no significant amounts of PP-H. Likewise, 
dissolving PP-H in 0.15 m KCl by stirring with the V45 for 45 
minutes at its lowest speed and centrifuging at 78,000 x g left 
no detectable PP-L in the supernatant. Therefore, it does not 
appear likely that PP-L was formed from PP-H during separa- 
tion procedures. Table I gives analytical data on PP-L and 
PP-H. Analyses were carried out as described in earlier work 
(2), except that galactosamine hydrochloride was used as the 
standard, instead of glucosamine hydrochloride, in the deter- 
mination of hexosamine. 

Solution Properties—PP-L as its potassium salt dissolved more 
rapidly in water or in 0.15 m KCl than did the chondromuco- 
protein from which it was prepared. Yet, preparation of @ 
0.5% (weight per volume) solution in buffer as for viscosity 
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TaBLeE I 


Data on proteinpolysaccharides isolated from bovine nasal 
chondromucoprotein by ultracentrifugation 

















PP-L PP-H 
Found nnn Found em 
Yield (g per g chondromuco- 
PYOGOMA) 2 kt Bere 0.75 0.13 
As K salt: 
0 AB. A are Pe tg 4.18 4.12 8.14 7.83 
% Galactosamine.......... 26.7 | 26.3 19.6 16.7 
%, & GO). s.....: Bee wes 4.6 4.7 4.1 3.0 
% Protein (biuret)......... 15.1 | 14.7 5 | 46.7 
% Uronic acid............. 25.1 | 28.5 
O/, WMI gals. ons 5 since oS 6.3 6.7 3.5 3.4 
Lol, SUOG MOD. «. 00505 —36.3 
8% 29°. Oe ee ee er eee ee 10.5 1500 to 
4000 
Intrinsic viscosity......... 2.7 2.7 
As Ba salt: 
ey IW ree, Pe So he ee Cand 3.34) 3.49 
% Galactosamine.......... 21.7 | 22.3 








* Calculated by assuming 1 amino acid residue (av. wt. 100) 
per period, so the period is represented by K2Ci.HigNSOyu-1 
amino acid acid residue-2.5 H.O (period wt. 680); or BaC..Hi9- 
NSO,,-1 amino acid-6 H,O (period wt. 802). 

+ Calculated by assuming 5 amino acid residues (av. wt. 100 
each) per period, so the period is represented by K2C,,HigNSO,4°5 
amino acid residues:2H2O (period wt. 1071). 





determination still required more than $ hour of constant stirring 
to assure complete solution. Solutions stirred for shorter times 
looked clear grossly, but examination of thin layers with a hand 
lens often showed the presence of transparent, swollen gel-like 
masses which disappeared on further stirring. PP-L could be 
precipitated as its potassium salt by addition of 2 volumes of 
ethanol to its solution in 0.1 m KCl, or as its barium salt by 
addition of 4 volume of ethanol to its solution in 0.04 m BaCl.. 
A solution of PP-L as potassium or barium salt in water was so 
clear that its optical rotation could be read, and is included in 
Table I. Equivalent solutions of chondromucoprotein are so 
opalescent that their rotations cannot be measured. 

The solution properties of PP-H are quite different from those 
of PP-L. As indicated above, PP-H seemed to become pro- 
gressively more difficult to redissolve or to redisperse in 0.15 m 
KCl as PP-L was removed. It required the rather rapid stirring 
of the V45 at its low speed to effect solution to the extent of being 
resistant to centrifuging at 250 xX g. PP-H dissolved more 
readily in water, and at 0.5% (weight per volume) yielded an 
extremely opalescent solution from which, after addition of KC! 
to 0.15 M, it could be sedimented at values above 10,000 x g, 
leaving little protein or polysaccharide in the supernatant solu- 
tion. Reprecipitation in this manner gave a product of the same 
composition as shown for PP-H in Table I. Optical rotation 
of PP-H could not be measured because of the strong opalescence 
of the solutions. 

Ultraviolet Absorption Spectra—Fig. 1 also shows the strong 
opalescence of the aqueous solution of PP-H (0.2%, weight per 
volume) by the high absorbancy in the range 340 to 400 mu 
(Curve C) compared with the low absorbancy of the aqueous 
solution of PP-L (0.4%, weight per volume, Curve A) over the 
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same range. On the other hand, in 0.1 mM NaOH PP-H and PP-L 
give equally clear solutions (Curves B and D). From Curves B 
and D the tyrosine and tryptophan contents of PP-L and PP-H 
were calculated by the method recommended by Beaven and 
Holiday (4). The results are, for PP-L, 0.9% tyrosine and 
0.4% tryptophan; for PP-H, 1.38% tyrosine and 0.6% tryp- 
tophan. 

Viscosity—In earlier work (2) it was reported that freshly 
prepared solutions of chondromucoprotein showed a progressive 
drop in relative viscosity with time. It was also shown that 
this was not due to any irreversible breakdown, since after re- 
precipitation and subsequent resolution the same drop in vis- 
cosity occurred beginning at the same initial value. The same 
sort of behavior has now been found to occur with PP-L. Vis- 
cosity measurements were made in Ostwald viscosimeters. 
Since both PP-L and PP-H were prepared as potassium salts, 
an aqueous potassium phosphate buffer (0.05 m, pH 7.1) con- 
taining KCl (0.05 mM) was used as solvent. Viscosity measure- 
ments were made between 2 and 3 hours after starting to make 
up the solutions. By this time the drop with time of the rela- 
tive viscosity had amounted to less than 2%. Results are shown 
in Fig. 2 where the reduced viscosity is plotted against the con- 
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Fic. 1. Ultraviolet absorption spectra. A, PP-L, 0.4% in H:0; 
B, PP-L, 0.4% in NaOH (0.1 m); C, PP-H, 0.2% in H.0; D, PP-H, 
0.2% in NaOH (0.1 o). 
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Fic. 2. Reduced viscosity as a function of concentration of 
PP-L (O), and of PP-H (@). 
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Fia. 3. Ultracentrifugal patterns. A, bovine nasal chondromucoprotein, 0.5%, photographed after 256 min at 42,040 r.p.m.; B, 
PP-L, 0.7%, photographed after 64 min at 52,640 r.p.m; C, PP-H, 0.3%, photographed after 12 min at 4,059 r.p.m. Sedimentation 


proceeds from left to right. 
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Fig. 4. Sedimentation coefficient as a function of concentration 


of PP-L. The symbols (O, @) represent dilution studies of two 
different preparations. 


centration of PP-L. The curve is smooth but not linear and 
extrapolates to an intrinsic viscosity of 2.8. The behavior of 
PP-H is different in two respects. In order to get it into solu- 
tion it must be stirred with the buffer at higher speed as de- 
scribed above. Viscosities measured at a series of dilutions 
showed no change with time. Fig. 2 shows the curve relating 
reduced viscosity and concentration of PP-H. 

Ultracentrifugal Studies—Analyses were carried out in a Spinco 
model E ultracentrifuge at 20°, in cells with a double sector 
centerpiece. All solutions were examined in 0.15 Mm KCl to avoid 
the slowing effect of low ionic strength solvents on the sedimen- 
tation properties of polyelectrolytes (5). Sedimentation co- 
efficients extrapolated to infinite dilution are expressed, with the 
use of this solvent (899°, 0.15 Kc1). Quantitative measurements 
were carried out directly from the photographic plates with a 
comparator (Gaertner) by the methods described by Traut- 
man (6). 

Fig. 3A shows the ultracentrifugal pattern of a 0.5% solution 
of chondromucoprotein. It consists of a sharp homogeneous 
peak with an 899°,0.15™xKci1 Of approximately 7 S. In addi- 
tion to this peak, the divergence of the solution base-line from 
the reference base-line at the bottom of the cell suggested the 
existence of additional rapidly sedimenting material. This was 
confirmed by the recovery of a large gelatinous pellet at the bot- 


tom of the cell if the run was stopped before achieving full ac- 
celeration. 

The ultracentrifugal pattern of a 0.7% solution of PP-L is 
shown in Fig. 3B. This consists of a sharp homogeneous peak, 
which corresponds to that seen in the whole chondromucoprotein, 
with an $20°,09.15m«c1 Of approximately 11 S and significantly 
less piling up at the bottom of the cell. Fig. 4 shows the effect 
of concentration on the sedimentation coefficient. The sedi- 
mentation coefficients extrapolated to infinite dilution ranged 
from 10 to 11.5 S in five separate experiments, with a mean of 
10.5 S. Possible changes in sedimentation after standing in 
solution for 24 hours were sought because of the observation that 
the relative viscosity dropped progressively with time. The 
possible effect of further shearing known to cleave DNA (7) was 
examined by exposing a 1% solution of PP-L in 0.15 m KCl to 
the peak speed (45,000 r.p.m.) of the V45 for 2 hours. Neither 
standing in solution at 28° for 24 hours before sedimentation, 
nor high speed shearing for 2 hours had any observable effect on 
the sedimentation coefficient of PP-L. 

Fig. 3C shows the pattern obtained with a 0.3% solution of 
PP-H prepared by stirring PP-H in 0.15 m KCl for 45 minutes 
in the V45 at its lowest speed. The material invariably sedi- 
mented to the bottom of the cell during the first 20 minutes of 
centrifugation at speeds varying from 4,059 to 8,225 r.p.m. 
(1,200 to 5,000 x g). In general, only trace amounts of a more 
slowly sedimenting peak were visible when the rotor was ac- 
celerated to 52,640 r.p.m. Because of great variations in the 
sedimentation properties of different preparations and inac- 
curacies inherent in studies at such low speeds, it was not possible 
to calculate an accurate sedimentation coefficient. However, 
values ranging from approximately 1,500 to 4,500 S were ob- 
served. To see whether a more prolonged shearing would have 
any effect on the sedimentation coefficient, a 0.5% solution of 
PP-H in 0.15 m KCl was exposed to the peak speed of the V45 
for 2 hours. There was a slight increase in the size of the more 
slowly sedimenting peak, which appeared to have different sedi- 
mentation properties from PP-L. It is not possible to state with 
certainty that the sedimentation properties of PP-H were not 
affected by this procedure, because of inaccuracies inherent in 
studies at such low speeds. 

The appearance of the sharply sedimenting peak of the PP-L 
was not significantly altered over a range of pH from 2.0 to 10. 
Exposure to pH 11.1 to 11.3 resulted in the appearance of a small 
broad peak sedimenting more slowly than the main one, and & 
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Fic. 5. Ultracentrifugal patterns. A, PP-L, 1%, exposed to 
pH 11.3 for 150 hours, showing partial breakdown into a slower 
sedimenting component, photographed after 112 min at 52,640 
r.p.m.; B, PP-L, 0.6% (bottom); PP-H, 0.6% (top) exposed to pH 
12.4 for 24 hours, showing a single slowly sedimenting component, 


decrease in the size of the more rapidly sedimenting major com- 
ponent (Fig. 54). Exposure of PP-L to pH 12.3 and 12.4 re- 
sulted in a complete conversion of the sharp peak into a broad 
heterogeneous component with an 829°, 9.15 « xc Of a 1% solu- 
tion ranging from 0.9 to 1.58 (Fig. 5B). A similar peak with a 
sedimentation coefficient of 1.3 to 1.6 S resulted from exposure 
of PP-H to a pH of 12.4 (Fig. 5B). This effect could not be 
reversed by neutralization with acid. 

Zone Electrophoresis—Blocks 45 X 33 cm were made with 
starch as the supporting medium and barbital buffer pH 8.6, 
p 0.05, as described by Kunkel and Trautman (8). <A current 
of 7 volts per em was applied for 15 to 17 hours. The material 
was eluted from 43-inch segments by displacement filtration. 
After dialysis for 48 hours against running tap water to remove 
traces of barbital, the protein was estimated by the biuret method 
and the modified Folin tyrosine method. For the biuret method 
human serum albumin was used as the standard, and for the 
Folin method human y-globulin was used as the standard. 
Galactosamine was also determined in each of the eluates. 

Fig. 6 shows the pattern obtained with one preparation of 
PP-L. The material moved as a single, rather homogeneous 
peak with a mobility slightly less than that of chondroitin sulfate 
under similar conditions. No significant protein or hexosamine 
remained at the origin, and total recovery of protein and hexosa- 
mine ranged from 60 to 70%. When PP-H was subjected to 
water flow or electrophoresis under similar conditions, it did not 
seem to move from the origin and could not be recovered from 
the block. 

Alkaline Degradation—PP-L can be degraded with alkali to 
yield chondroitin sulfate. The method used is slightly less 
drastic than that described earlier for the preparation of chon- 
droitin sulfate from chondromucoprotein (2). PP-L as its 
potassium salt (1.0 g) dissolved in KOH solution (100 ml, 0.2 
M) gave a clear, colorless solution and was allowed to stand at 
37° for 5 hours. The solution was neutralized with acetic acid 
(1.4 ml, glacial) and dialyzed. Barium chloride (1.0 g) and 
ethanol (to give a final concentration of 20% volume per volume) 
were added, and the small amount of protein precipitate that 
appeared (0.02 g) was removed by centrifugation and discarded. 
To the clear solution, ethanol was added to give a final concen- 
tration of 40% (volume per volume) and the crude barium 
chondroitin sulfate was separated, washed with ethanol and 
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photographed after 88 minutes at 42,040 r.p.m.; C, barium chon- 
droitin sulfate, 0.9%, prepared from PP-H, photographed after 96 


minutes at 52,640 r.p.m. Sedimentation proceeds from left to 
right. 
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Fig. 6. Results of zone electrophoresis of PP-L on starch. Ga- 
lactosamine (@); protein by biuret reaction (©); and protein by 
Folin reaction (®), as a function of segment or tube number. 


ether, and dried in a vacuum. It weighed 0.82 g. For purifica- 
tion, it was dissolved in water (1% solution), barium chloride 
added (1%), and alcohol added to 20%. Small amounts of 
material insoluble under these conditions were removed by 
centrifuging at 4,500 r.p.m., and barium chondroitin sulfate was 
precipitated by addition of ethanol (to 35%) in a yield of 0.76 g. 
If further purification is needed, the product can be reprecipitated 
by the same procedure. Instead of precipitating by adding 
ethanol to 35%, the product may be precipitated by adding 
ethanol to only 26%, and allowing the solution to stand at 5° for 
1 day. 

PP-H (1 g) was degraded with alkali by the same procedure. 
A larger amount (0.16 g) of protein was precipitated by addition 
of ethanol to 20%, and a smaller amount (0.35 g) of chondroitin 
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Taste II 


Comparison of polysaccharides isolated from PP-L and from 
PP-H after alkaline degradation 




















Found for polysaccharide 
from: 
fo: Calculated* 
PP-L PP-H 
Yield (g per p PP, after two 

RE ereees A Sa ee 0.76 0.26 
Ay F< bo x dren Soke 2.34 2.44 2.22 
% Galactosamine........... 29.0 28.3 28.4 
py UNG. NIG... 6 al 30.5 29.1 30.8 
Wey GEG 55 5 scx cee Ba he 6.14 | 6.77 6.83 

[alp (1% in HO)............| —24.4 | —24.9 

8%", 0.15 M KCl............| 2 gh Bes 





* Calculated from period represented by BaCisHigNSOx,-- 
2H;:0 (period wt. 630). 


sulfate precipitated above 20% and below 40% ethanol. Puri- 
fication of the product proceeded exactly as described above for 
the purification of barium chondroitin sulfate derived from PP-L 
and yielded 0.26 g. 

Table II gives the analytical data for the barium salts of the 
polysaccharides isolated after alkaline degradation of PP-L and 
PP-H, as well as their specific rotations and sedimentation rates 
in 1% solution in 0.15 m KCl. An ultracentrifugal pattern of 
barium chondroitin sulfate prepared from PP-H is shown in Fig. 
5C. There is no observable difference between the barium 
chondroitin sulfate derived from PP-L and PP-H. 


DISCUSSION 


Bovine nasal chondromucoprotein can be prepared by a single 
extraction from fresh or aleohol-dried bovine nasal cartilage in 
yields of 30% of the dry weight of the cartilage, and more ex- 
tensive extraction procedures have shown that it probably exists 
in this cartilage in an amount between 40 and 50% of the dry 
weight. Although earlier work gave some reason to believe 
chondromucoprotein was a single kind of molecule, it now ap- 
pears that it can be separated into at least two major fractions, 
PP-L and PP-H, in yields of 75 and 13%, respectively, of the 
chondromucoprotein. Each of these fractions consists of both 
protein and polysaccharide. By ultracentrifugal methods, no 
PP-L could be detected in the PP-H component, and purifica- 
tion of PP-L by further centrifugation showed it contained no 
detectable PP-H, so the separation into PP-L and PP-H seems 
virtually complete. Analytical ultracentrifugation of PP-L 
shows that it sediments as a single sharp peak at several pH 
values below 10. At pH 11 to 12 the main peak becomes smaller 
and there appears a second broader, more slowly sedimenting 
component. This conversion is complete at pH 12.4, correspond- 
ing to the fact that in this pH range PP-L is degraded and yields 
chondroitin sulfate. Although the analytical ultracentrifuge 
gives some reason to think PP-L is a single molecular species, 
the same cannot be said for PP-H. The sedimentation rate of 
this proteinpolysaccharide is so high that it is difficult to de- 
termine, and the need to use the V45 at low speed in order to 
get a solution that will resist sedimentation at 500 x g indicates 
a material verging on being insoluble. 

An unexpected finding in this work has been that on alkaline 
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degradation both PP-L and PP-H give in good yields what ap- 
pears to be the same polysaccharide, chondroitin sulfate <A. 
Some forms of cartilage have been reported to contain two dif- 
ferent kinds of chondroitin sulfate (A and C); however, this has 
not been said of bovine nasal cartilage (9). The work described 
in this study makes it even clearer, than earlier studies from this 
laboratory, that there is no free chondroitin sulfate detectable 
in bovine nasal cartilage. Of the total chondroitin sulfate in 
bovine nasal cartilage (about 38% of the cartilage dry weight), 
nearly 90% was recovered in the form of PP-L, and about 10% 
in the form of PP-H. 

By a method similar to that described in earlier work (1), 
Bernardi (10) made from horse nasal septa a mucoprotein 
preparation which was used to study its viscosity, sedimentation, 
and light scattering characteristics. The sedimentation sug- 
gested a wide polydispersity of the mucoprotein, whereas the 
light scattering data gave M, = 2 X 10°. By a similar method, 
Mathews and Lozaityte (11) made preparations from bovine 
nasal septa for which, by light scattering methods, they found 
M,, between 1.7 X 10° and 50 Xx 10° A single sample cen- 
trifuged at 80,000 x g for 2 hours gave the lowest value for the 
molecular weight. For this product they reported a protein 
content of 15%, identical with that of PP-L, but ascribed no 
particular significance to it. The present work accounts for both 
sets of findings (10, 11) and indicates not so much a polydispersity 
of the chondromucoprotein as the existence in it of two major 
fractions separable by ultracentrifugation. 

The work presented raises some new problems concerning the 
condition of chondroitin sulfate in native cartilage. Although 
PP-L and PP-H have been isolated from the cartilage by a series 
of procedures that are chemically mild, the use of the V45 has 
introduced a mechanical element, a high shear, that might have 
caused degradation of a native molecule giving PP-H and PP-L 
as end products. PP-L subjected to further shear showed no 
change in the properties examined. PP-H cannot yet be char- 
acterized as a chemical individual and might be a partially de- 
natured product. Further work is being designed to examine 
these questions. 


SUMMARY 


Bovine nasal chondromucoprotein can be separated cen- 
trifugally into two distinct fractions, each of which is composed 
of protein and polysaccharide. The light fraction obtainable in 
yields of 75%, consists of 15% protein and 85% polysaccharide. 
It sediments as a single component and has a sedimentation 
constant at infinite dilution of 10.5 8. The heavy fraction, 
easily sedimentable, and obtainable in yields of 13%, consists of 
about 50% protein and 50% polysaccharide, and sediments 
completely at 10,000 x g. It is not clear whether the heavy 
fraction consists of a single component. Degradation of both 
the heavy and the light fractions with alkali appears to yield the 
same polysaccharide, chondroitin sulfate A. 
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In a previous report (1) a method was described for removal 
of lipids from the high density serum lipoprotein class, d 1.063- 
1.21. The protein obtained, which was practically free of lipids, 
exhibited physicochemical properties of a native protein and 
immunochemical characteristics similar to the intact lipoprotein 
(1, 2). 

In the experiments reported below the recombining capacity 
toward lipids of this lipid-free protein was investigated in vitro. 
It was found that this protein has a great avidity for lipids: it 
interacts readily with its own class of high density serum lipo- 
proteins and, in their absence, with low density serum lipopro- 
teins and chylomicrons. 


EXPERIMENTAL PROCEDURE 


Fasting fresh sera or sera in phase of alimentary lipemia from 
healthy human donors were used as a source of lipoproteins. 
Chylomicrons were first removed by the technique previously 
described (3). The sera were then adjusted to d' 1.063 with 
solid NaCl (4) and centrifuged in a Spinco model L ultracentri- 
fuge, No. 30.2 rotor, 79,420 x g, at 16° for 24 hours. After 
separation of the top fraction (1 ml) by the aid of a tube slicer, 
the infranatants were adjusted to d 1.21 by addition of solid 
KBr (5). In comparative experiments the adjustment of the 
density to d 1.21 was obtained by addition of D,O-NaNO; (6) 
or NaBr (7). These sera at d 1.21 were spun in a Spinco 40 rotor 
at 105,400 x g at 16° for 24 hours. The top fractions (1 ml) 
were removed by means of a tuberculin syringe. 

We will refer to lipoproteins of d 1.006—1.063 as B-lipoprotein 
and of d 1.063-1.21 as a-lipoprotein. 

Both BLP? and aLP were further purified by spinning them in 
dilution 1:3 with fresh salt solutions at the respective density of 
the lipoprotein samples. Each purification was carried out in a 
Spinco No. 30.2 rotor at 79,420 x g for 24 hours at 16°. 

After one process of purification, the 8LP gave an homogenous 
peak at the analytical ultracentrifuge, a broad boundary close 
to the origin in starch-gel and a single line of precipitation by 
agar-immunoelectrophoresis (8). The aLP class required 3 


* This work was partially supported by grants from the United 
States Atomic Energy Commission, United States Public Health 
Service, and the Cleveland Area Heart Society. A preliminary 
report was presented at the Symposium of the Protein Founda- 
tion, Boston, November, 1959. 

1d = density values, p (20°/4°), in grams per ml. 

2 The abbreviations used in this text are: aLP, a:-lipoprotein; 
BLP, 8-lipoprotein; aP, protein from a-lipoprotein; HSA, human 
serum albumin. 


processes of purification (total, 72-hour spinning) to be freed of 
contaminant serum proteins, mainly albumin. The end product 
gave one sharp peak in the analytical ultracentrifuge and a single 
line of precipitation by immunoelectrophoresis. The starch-gel 
analysis revealed a broad band in a position between the origin 
and the albumin boundary. The analyses in starch-gel were 
performed by the technique of Poulik and Smithies (9), by using 
the discontinuous system of buffers according to Poulik (10). 

During each purification procedure of both 6- and a-lipopro- 
teins 20 to 30% of the lipoproteins were found distributed among 
intermediate and bottom fractions, the top fraction containing 
only 70 to 80% of the starting material. This was indicated by 
the protein (11), cholesterol (12), and phospholipid (13) content 
of the individual fractions. An example is given in Table I, 
The following unsuccessful attempts were made to float a greater 
percentage of lipoproteins in the top fraction: (a) longer periods 
of centrifugation, (b) use of a 40 rotor, (c) substitution of NaCl- 
KBr solutions with NaNO;-D.0 of the same density, (d) addi- 
tion of small amounts of sucrose. 

The purified lipoproteins were dialyzed against large volumes 
of 0.15 m NaCl at 4° for 24 hours, before use. 

The removal of lipids from samples of serum aLP was per- 
formed by the technique already described (1). This consists 
of an ethanol ether extraction procedure at —20°, followed by 
prolonged ether extraction at the same temperature in a modified 
Soxhlet apparatus. 

The human serum albumin (HSA) used in our experiments 
was serum fraction V. 

I! Jabeling of aP, aLP, BLP, and HSA was performed ac- 
cording to McFarlane (14). Free iodine was removed by pass- 
ing the radioiodinated protein three times through an anion 
exchange column (Ioresin, Abbott), which was adjusted to neu- 
tral pH by a buffer of glycine-NaOH (14). The labeled proteins 
were estimated to have about one atom of iodine per molecule. 
I'5_lipoproteins had the highest percentage of counts in the 
protein moiety. aLP-I'' had 5 to 8% of the total counts in its 
lipid moiety and BLP-I"!, 10 to 12%. 

The identity between labeled and unlabeled proteins was 
checked by electrophoretic techniques (paper, agar and starch- 
gel) and immunoprecipitin techniques, agar immunoelectro- 
phoresis and starch-gel immunoelectrophoresis. This _ last 
technique consisted of a slight modification of Poulik’s method 
(15). 

The studies in vitro on the interactions between serum lipo- 
proteins were carried out in Spinco Lusteroid tubes, x 34 inches. 
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TaBLeE I 
Protein, cholesterol, and phospholipid content of 1-ml serial 
aliquots removed from the ultracentrifuge tube after ultracen- 
trifugation of a purified sample of a-lipoprotein at density 1.21. 






































sai Protein Cholesterol [Lipid P (Xx 25) tiny cy IC wel! 
mg % mg % mg % 
1* | 6.360)78.10 | 1.940)77.50 | 4.21/79.09 | 3.30 1.51) 0.46 
2 0.520| 6.36 | 0.160] 6.39 | 0.32| 6.02 | 3.25] 1.62) 0.50 
3 0.420} 5.14 | 0.140] 5.58 | 0.28] 5.30 | 3.00) 1.50) 0.50 
4 0.320) 3.91 | 0.120] 4.78 | 0.23] 4.35 | 2.66] 1.39] 0.52 
5 | 0.180] 2.20 | 0.060| 2.38 | 0.10] 1.88 | 3.00] 1.80) 0.60 
6 0.120) 1.47 | 0.040) 1.59 | 0.06] 1.13 | 3.00} 2.00) 0.66 
7 0.100! 1.22 | 0.030] 1.19 | 0.04] 0.87 | 3.30| 2.16) 0.66 
8 0.140) 1.71 | 0.040] 1.59 | 0.07] 1.45 | 3.50) 1.82) 0.53 





* Top fraction. 


The components of the incubation mixture, in the proportion 
reported in the following section, were spun in a Spinco model L 
ultracentrifuge with a No. 30.2 rotor at 79,420 x g for 18 hours 
at 16°. After centrifugation, serial aliquots, 1 ml each, were 
removed starting from the top. The separation of each frac- 
tion was performed either by direct aspiration with a syringe 
and 20-gauge needle or by means of a special tube slicing device. 
Each aliquot was transferred to small glass tubes for determina- 
tion of radioactivity. In some of these aliquots protein, cho- 
lesterol, and phospholipid determination was also performed. 

The interaction in vitro between serum lipoproteins was also 
checked by starch-gel electrophoresis. After 18-hour migration 
period (10 volts per cm, 20 ma) the starch block, 1.8 cm thick, 
was sliced by two cuts along a plane parallel to the major surface. 
The first slice was used for protein staining (Amidoschwarz) ; 
the second, for lipid staining (Oil Red Spinco); and the third, 
for determination of radioactivity. This last slice was cut into 
several segments, 4 cm each, ina plane perpendicular to the axis 
of migration. Each of these segments was then transferred to 
a glass tube for analysis in the well counter. 

Measurements of radioactivity were performed in a low 
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background sodium iodide crystal scintillation detector (Tracer- 
lab, Inc.) with a counting efficiency, by means of an I"*! standard, 
of about 36%. 


RESULTS 


Studies on Mixtures of aP-I™™ and Serum—Samples of 100 ug 
of aP-I'*' of a specific activity of 1 we per mg were incubated in 
Lusteroid tubes with 8-ml aliquots of normal human serum for 
10 minutes at 24°. After incubation, the density was brought 
to either 1.063 (NaCl, 9.8 g per 100 ml) or 1.21 (NaCl, 9.8 g; 
KBr, 25 g per 100 ml). As controls, samples of aP-I'™ were 
mixed with salt solutions of d 1.063 and 1.21 with the omission 
of serum. After 24 hours, ultracentrifugation serial aliquots, 
1 ml each, were removed and analyzed for radioactivity. When 
aP-I'*! was studied either alone at d 1.063 and 1.21 or in presence 
of serum at d 1.063, the highest percentage of counts was in the 
bottom fraction. On the other hand, a mixture of aP-I' and 
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GB HSA-1'3' + serum, 41.063 
C—O HSA-1"*'+ serum, d1.21 
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Fic. 2. Distribution of radioactivity after ultracentrifugation 
of a mixture of HSA-I'*! and serum at d 1.063 and 1.21. Compo- 
nents: HSA-I'*!, 100 ug, specific activity, 0.5 uc per mg; human 
serum, 8 ml, total protein content: 0.6 g. Experimental condi- 
tions: see legend for Fig. 1. 
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70 
PERCENT TOTAL COUNTS 
Fic. 1. Distribution of radioactivity in ultracentrifuge tubes after spinning aP-I'*', alone and mixed with serum, at d 1.063 (a) and 


Components: aP-I!*!, 100 ug, specific activity, 0.5 we per mg; human serum, 8 ml, protein content: 0.6 g. Densities were 
adjusted after incubation of the mixtures at 24° for 10 minutes. Spinco No. 30.2 rotor, 79,400 X g, at 16° for 18 hours. 
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Fig. 3. Distribution of radioactivity after ultracentrifugation of a mixture of aP-I'*! and aLP (a) at d 1.063 and 1.21. In (6) a 
P-I!3! was spun alone at d 1.21. Components: aP-I'*!, 100 ug, specific activity, 0.5 ue per mg; aLP, protein content, 1 mg; aLP-I'*, 
1 mg, specific activity, 0.1 ue per mg. Experimental conditions, see legend for Fig. 1. 
Sexaen Studies on Mixtures of HSA-I"*! and Serum—Regardless of the 
— amount of HSA-I"*! mixed with serum, at both densities 1.063 and 
100 1.21, the highest percentage of radioactivity was in the bottom 
me enscnig) alias shianeted fractions (see Fig. 2). These results also indicate that at the 
salt concentrations used, no complete sedimentation of the 
80 sspiic ne Miaka radioiodinated albumin was obtained. F 
X 20P-L'9! + serum Studies on Mixtures of aP-I"*' and aLP—As indicated in Fig. acti 
70-—Kee _ (mole fraction = 0.01) . ¥ 
3, the analysis of mixtures of 100 wg of aP-I"*! and 1 mg of aLP} mg) 
60 showed most of the activity (67%) in the top fraction at d 1.21. 
so For comparison we reported in the same figure the results ob- 
tained by spinning samples of aLP-I' and aP-I"* separately at 
7 . d 1.21. 
30- on When samples of aLP (1 mg) were equilibrated with various 
m concentrations of aP-I'! and these mixtures spun at d 1.21, the 
ss senor results were as indicated in Fig. 4; by increasing the mole frac- 
10- or 
eS . 
i T 1 T ' 1 qT i i 
0.1 02 03 04 05 06 OF 08 O09 10 
Mole fraction, a P-I'*' 

Fic. 4. Distribution of radioactivity in top and bottom frac- 
tions after ultracentrifugation of mixtures of aP-I'*! (100 ug) and 
various amounts of aLP at d 1.21. Experimental conditions: see 
legend for Fig. 1. 
serum analyzed at d 1.21, gave 70% of radioactivity in the top 
fraction (Fig. 1). Similar results were obtained by spinning at 
d 1.21 a mixture of aP-I" and serum, which had been previously 
centrifuged at d 1.063. 

The results shown in Fig. 1 did not change when (a) incubation F 
and centrifugation were carried out at 4° (in this case a longer nents 
period of centrifugation was required to float the lipoproteins) ; c In (b 
(b) various periods of incubation of aP-I'*' and serum, from 1 
minute to 1 hour, were studied; (c) the labeled protein was tions 
added to serum which had the density adjusted to 1.063 or 1.21; in th 
(d) various concentrations of potassium cyanide or iodoacetate 4 botto 
(10-2 to 10-* m) were added to the serum before incubation with Sta 
aP-I"*!, (e) serum preheated for 5 minutes ait 60° was used. Fia. 5. Starch-gel electrophoresis patterns of aLP (a), normal actior 

If volumes of serum less than 8 ml were mixed with 100 ug of human serum (6) and aP (c). Staining: Amidoschwarz. With | 
aP-I'*!, the radioactivity in the top fraction decreased, whereas ’ The weights given in the text for «LP and 6LP are expressed found 
that in the bottom increased. in terms of mg of protein. origin 
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Fie. 6. Electrophoretic separation in starch-gel of aLP-I'*!, aP-I'*!, and a mixture of aP-I'*! anda@LP. aLP-I"*!, 2 mg, specific 
activity, 2000 c.p.m. per mg; aP-I'*!, 2 mg, 2000 c.p.m. per mg. The mixture contained aP-I'™ (specific activity, 2000 c.p.m. per 
mg) and aLP in a 1:5 ratio. 
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Fic. 7. Distribution of radioactivity after ultracentrifugation of a mixture of aP-I'* and BLP at d 1.063 and 1.21 (a). Compo- 
nents: aP-I'8!, 100 ug, specific activity, 0.5 we per mg; BLP, protein content, 1 mg. Experimental conditions: see legend for Fig. 1. 
In (6) ultracentrifugation of the same samples at d 1.21 was performed, after removal of the top fraction (1 of Fig. la). 


tions of aP-I in the solutions, the percentage of radioactivity 
in the top fraction progressively decreased while that of the 


in a ratio of approximately 1:5 (weight to weight) and analyzed 
by starch-gel, the radioactivity was almost equally divided be- 


bottom fraction increased. 

Starch-gel electrophoresis was also used to study the inter- 
actions between aP-I and aLP. In our system aP traveled 
with a mobility only slightly less than albumin, whereas aLP is 
found in a zone approximately half way between albumin and the 
origin (see Fig. 5). When aP-I" and unlabeled aLP were mixed 





tween aP and aLP zone (Fig. 6). 

The radioiodinated aLP obtained by mixing aP-I™' and aLP 
showed all the characteristics of the unlabeled aLP. 

Studies of Mixtures of aP-I™ and BLP—When mixtures of 
aP-I*! (100 ug) and BLP (1 mg) were centrifuged at d 1.003, no 
significant amount of radioactivity was found in the top fraction. 
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At d 1.063, the top fraction contained 35% of the total radio- 
activity (Fig. 7a). When this fraction was removed and the 
remainder re-spun at d 1.21, 24% of the radioactivity was in the 
top fraction (Fig. 7b). The radioactive top fractions at d 
1.063 (Fig. 7a) and 1.21 (Fig. 7b) analyzed on starch-gel, gave 
electrophoretic patterns of BLP and aLP, respectively. 
Experiments in which samples of 8LP (1 mg) were equilibrated 
with various concentrations of aP-I' indicate that most of the 
total radioactivity (75%) floated at d 1.063 in presence of a large 
excess of BLP (ratio aP-I'* to BLP, 1:1000, weight to weight). 
When aP-I* was equilibrated with aLP in molar ratio 1:10 
or above (1:20, 1:50, 1:100) and this mixture was added to BLP, 
the exchange reaction obtained was of the type aP-I"*!-aLP. 
Only when the molar ratio between aP-I'*! and aLP was kept 
below 1:10 (7.e. 1:5, 1:2) the excess of aP-I" not reacting with 
aLP, gave an exchange reaction of the type aP-I!*-8LP. 
No interaction was observed between BLP and aLP-I™. 
The complex obtained by mixing 100 ug of aP-I'* and 1 mg 
of BLP and centrifuging at d 1.063 (top fraction), was re-equili- 
brated with cold aLP (100 ug). This mixture was re-spun at 
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Fig. 8. Distribution of radioactivity after ultracentrifugation 

of mixtures of Ediol with aP-I'*! and aLP-I!* at d 1.003. Compo- 
nents: aP-I'*!, 100 ug, specific activity, 0.5 we per mg; aLP-I'*, 
100 ug, specific activity, 0.5 uc per mg. Ediol contained 13 mg of 
total lipids. 


TaBLeE II 


Interactions in vitro between Ediol, unlabeled and la- 
beled aP and aLP* 
































Ediol-P!* complex 
i - 
so aP aLP P-[in LP-Iia ; 
content | PTL 

mg Bg ag Bg ug Bg 
13 100 40 3:1000 
13 100 39 3:1000 
13 100 100 15 1:1000 
13 100 100 12 0.9:1000 
13 100 100 0 0:1000 
13 100 100 0 0:1000 
*aLP = aq-lipoprotein; aP = delipidized aq-lipoprotein; 


TL = total lipids. 
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Fic. 9. Distribution of radioactivity after ultracentrifugation 
of mixtures of serum chylomicrons with HSA-I"*! or aP-I*! at d 
1.003. Components: HSA-I'*!, 100 ug, specific activity, 0.5 ye 
per mg; aP-I'*!, 100 ug, specific activity, 0.5 ue per mg. The chy- 
lomicrons contained 50 mg of total lipids. 


d 1.063 and the top fraction removed. The remainder, adjusted 
to d 1.21, was spun overnight. A significant amount of radio- 
activity was in the top fraction (32%), indicating formation of 
aLP-I"*!, 

In a few experiments BLP was fractionated ultracentrifugally 
into two classes: d 1.006-1.019 and 1.019-1.063. Each of these 
fractions, when equilibrated with aP-I"*!, gave results essentially 
similar to the ones obtained with the whole fraction, d 1.006- 
1.063. However, the mixing of aP-I' and the fraction of d 
1.019-1.063 gave a higher yield of aLP-I"!, 

Studies of Mixtures of aP-I™ and Artificial Fat Emulsion 
(Ediol)—When a coconut oil emulsion (Ediol), containing 13 
mg of total lipids, was equilibrated with 100 ug of aP-I"*!, 39% of 
the total radioactivity was in the top fraction at d 1.003 (Fig. 
8). This fraction had a protein lipid ratio of 3:1000 (Table II). 
The composition of this labeled complex did not change when 
greater amounts of aP-I'! were added to the oil emulsion. 

As shown in Fig. 8 and Table II, identical results were obtained 
in experiments in which 100 ug of aLP-I'* were equilibrated with 
13 mg of Ediol. 

In other experiments Ediol (13 mg) was mixed with unlabeled 
aP (100 ug) and the mixture spun at d 1.003. The material float- 
ing at the top (Ediol-aP complex) was re-equilibrated with 100 ug 
of aLP-I". The ultracentrifugal analysis of this mixture showed 
formation of two radioactive complexes, one floating at d 1.003 
(Table II) and one at d 1.21, identified as aLP-I"* by its flota- 
tion properties and its electrophoretic mobility in starch-gel. 
On the contrary, when the Ediol-eP complex was equilibrated 
with aP-I"! no interaction was observed (Table IT). 

Similar types of experiments were performed by mixing Ediol 
(13 mg) and unlabeled aLP (100 ug) and re-equilibrating the 
Ediol-aLP complex with labeled aP. In this case also two radio- 
active complexes were formed, one floating at d 1.003 (Table II) 
and one at d 1.21. No interaction was observed between the 
Ediol-aLP complex and aLP-L* (Table IT). 

Studies of Miztures of aP-I and Serum Chylomicrons— 
Samples of serum chylomicrons containing 50 mg of total lipids 
were equilibrated with 100 yg of aP-I™. When these mixtures 
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were spun at d 1.003, 55% of the total counts was in the top 
fraction (Fig. 9). After removal of this fraction, the remainder 
was re-spun at d 1.063 and 1.21. At d 1.063 the highest percent- 
age of radioactivity remained at the bottom. At d 1.21, 35% of 
the radioactivity floated at the top and had electrophoretic 
characteristics of aLP-I!, 

When mixtures of HSA-I™ and chylomicrons were analyzed 
(Fig. 9) no interaction was observed between these two com- 
ponents. 

Experiments were performed in which increasing amounts of 
aP-I* above 100 ug were added to the chylomicrons. In each 
case the same amount of labeled protein floated at d 1.003. The 
complex thus formed had a labeled protein-total lipid ratio of 
1:1000. 

When aP-I!*! was equilibrated with aLP in molar ratio 1:10 
or above (1:100), this mixture failed to interact with chylomi- 
crons. 

No interaction was also observed between aLP-I!*! and chylo- 
microns. 


DISCUSSION 


These studies show that the interaction between the protein 
of the a-lipoprotein and its lipid moiety is a reversible reaction, 
which occurs so rapidly that equilibrium is established in less 
time than is required for its demonstration either by centrifuga- 
tion or by electrophoresis. This equilibrium is most clearly 
demonstrated in Fig. 4, which shows that the distribution of 
radioactivity between top and bottom fractions varies in a linear 
fashion with the mole fractions of the components. Since the 
exchange occurs between purified samples in the cold, in the 
presence of high salt concentrations and of enzyme inhibitors 
such as cyanide or iodoacetate, this suggests, but does not 
prove, that its mechanism is nonenzymatic. 

It is interesting to note that this exchange involves of the order 
of a hundred lipid molecules per protein moiety and yet inter- 
mediates are not observed. Thus, when aP is mixed with an 
equal amount of aLP, the two species would appear to continue 
to exist instead of being replaced by a new complex of intermedi- 
ate composition. This may mean that.the addition of lipid is 
an “all or none” type of reaction in which each successive lipid 
molecule is bound more tightly than the preceding one until 
saturation is achieved. However, the saturated lipoprotein may 
be an artifact of the ultracentrifugal and electrophoretic tech- 
nique of separation being produced by the enrichment of some 
molecules at the expense of others in a counter-current process, 
since our data on exchange between aP and BLP suggest that 
partially saturated aLP must exist. 

The data, which show that aP can interact with BLP, furnish 
an example of the high avidity of the “naked” aP even for lipids 
of a different lipoprotein (GLP). However, if this avidity is 
satisfied by the presence in the system of aLP, no interaction will 
take place between aP and BLP. This could be due to the fact 
that the lipid of the added aLP is distributed among all the aP 
molecules leaving none with sufficient avidity to attack BLP. 
Therefore, and contrary to our “all or none” postulate, the first 
molecules of lipid would appear to be bound most tightly to aP. 

The nature of the interaction of aP with BLP is a complex one. 
As our results have shown (Fig. 7) two complexes are formed of 
the type a-8-LP and aLP. In view of the small amount of the 
two complexes formed, some reservations must be maintained as 
to whether they represent a normal process or are a result of 
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interactions between (denatured) components. Although fur- 
ther characterization of these complexes is obviously needed, the 
radioactive component floating at d 1.063 must contain a large 
amount of lipid and thus would appear to be a hybrid a-8-lipo- 
protein. This could be a simple addition since the small amount 
of aP added to the complex would not appreciably increase its 
density. (From the data one can estimate a combining ratio of 
1 mga@LP to 30mg LP). That this aP in the complex is either 
“naked” or only partially saturated with lipids is indicated by 
its capacity to re-equilibrate with freshly added aLP. In fact, 
according to our results which show absence of rapid exchange 
in reactions of the type aLP-aLP or aLP-8LP, no interaction 
would be possible if the aP in the a-8-LP complex has its avidity 
for lipids already fully satisfied. The other radioactive compo- 
nent of the interaction of aP with BLP sedimenting at d 1.063 
and floating at d 1.21 appears to be normal aLP. The small 
yield could be due, as we mentioned before, to the fact that only 
“naked” @P has a greater avidity for lipid than BLP. Further- 
more, perhaps SLP also loses the first molecules of lipid most 
readily. 

These results, therefore, indicate that although the naked aP 
has a high recombining capacity toward lipids, this protein when 
already bound to lipids as in aLP, fails to interact with either 
aLP or BLP. These findings are in agreement with the tracer 
studies in vivo by Avigan et al. (17) and Gitlin et al. (18) which 
have shown that no exchange reaction takes place between the 
protein moieties of aLP and BLP.- On the other hand cholesterol 
and phospholipid moieties seem to exchange readily between 
these lipoproteins, as shown by the tracer experiments in vitro 
and in vivo of Fredrickson et al. (19), Kunkel and Bearn (20) 
and Florsheim and Morton (21). These-studies indicate that 
in the aLP-6LP reaction, an even exchange of lipids occurs, 
probably involving cholesterol and phospholipid molecules quite 
loosely bound to protein. 

In the case-of aP-8LP reaction, as in our cxpistusiintes we are 
dealing with a transfer of lipids, the end result of which is an 
actual lipid enrichment of aP, which becomes aLP, at the expense 
of BLP. Whether such reaction occurs in-vivo: remains to be 
established. The first question which naturally arises is whether 
in plasma-or ‘in tissues, lipoproteins totally or partially. free of 
lipids may exist even for very short periods of time.- Such an 
occurrence would be compatible with the data showing a sig- 
nificant difference of turnover rates of the protein and the lipid 
moieties of serum lipoproteins (18, 22, 23). -The presence in 
plasma or in tissues of totally or partially lipid-free lipoproteins 
may constitute the determining force for a net transfer of lipids 
within the plasma or from plasma to tissues. According to Gurd 
(24) exchange or transfer of lipids may occur through actual 
collisions between lipoproteins to allow a diffusion of the lipids 
between these lipoproteins without involving-the aqueous sur- 
rounding. Collisions of the type BLP-aLP and BLP-eP can 
probably both occur in the body, the first leading to simple ex- 
change and probably involving a few lipid molecules, the latter 
leading to a unidirectional transfer of lipids. 

Obviously, it would be of great interest to study the recombin- 
ing capacity toward lipids of the protein moiety of B-lipoproteins. 
However, our attempts to obtain a soluble protein preparation, 
completely free of lipids, have been unsuccessful.‘ 

The reversibility of the reactions shown by our experiments 


4 Unpublished observation. 
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in vitro may bear on the site and mode of synthesis of the lipo- 
proteins. Since aP can readily take on lipids, it may be synthe- 
sized in the liver as lipid-free protein and perhaps even emerge 
lipid-free from the parenchymal cell. 

It should be kept in mind that “lipids” contain neutral fats, 
cholesterol, cholesterol esters, and phosphatides. These nor- 
mally occur in ratios characteristic for each serum fraction and, 
therefore, lipid transfer among these fractions perhaps is limited 
to reactions in which these ratios are maintained. Further 
studies of the interactions between a-protein and lipids may not 
only elucidate this problem but also the physicochemical basis 
for the complex composition of the lipoproteins. 

Our data have shown that aP and aLP, when equilibrated 
separately with Ediol (a coconut oil emulsion) combine with it 
in an identical stoichiometrical fashion. It is interesting to note 
that either aLP or aP, after combination with Ediol, still retains 
the property of exchanging with aP and aLP, respectively, in 
the fashion already discussed. 

The combination of Ediol with aLP, which we have shown with 
radioactive material is in agreement with our previous findings 
(3). By this combination aLP becomes a component of the 
clearing reaction in vitro because by combining with fat emul- 
sion it activates their hydrolysis by lipoprotein lipase. It is 
interesting to note that no other serum component exhibits this 
property (3). 

The striking similarity in behavior of serum chylomicrons and 
the Ediol-aLP complex regarding exchange reactions with radio- 
active aLP and aP strongly suggests that aLP is present in 
chylomicrons, corroborating previous reports (3, 16). The phys- 
iological significance of these findings is difficult to assess at 
present, although it indicates a possible participation of aLP in 
chylomicron metabolism. This problem is at present under 
investigation. 

One particular technical problem encountered in our studies 
was the failure to recover totally in the top fraction of the ultra- 
centrifuge tube, the lipoprotein samples re-spun in salt solutions 
at their respective densities. From 25 to 30% of these lipopro- 
teins settled in the intermediate and bottom fractions. No better 
results were obtained by increasing the spinning time or chang- 
ing type of salts or rotor. Iodination could not be responsible 
for these results because of the similar behavior of labeled and 
unlabeled lipoproteins. Among the possible causes to be con- 
sidered are: (a) partial denaturation of the lipoproteins due to 
high salt concentration or excessive handling, (6) contamination 
from one layer to another due to inaccurate technique of removal 
of layers from the ultracentrifuge tube. 

The technique of starch-gel electrophoresis, with the use of 
the discontinuous system of buffers (9, 10), was valuable in our 
studies. The fact that the aP and aLP showed a significant 
difference in electrophoretic mobility, probably due to the strong 
absorbing power of the starch-gel toward lipids, offered a good 
system to study exchange reactions between these two proteins. 
In preceding studies we showed that aP and aLP have the same 
mobility in free and paper electrophoresis (1), but different mo- 
bility in agar-gel, the aLP moving faster than aP (2). 

The iodination procedure, which was used to label only the 
protein moiety, induced a low degree of labeling also in the lipid 
moiety of both BLP andaLP. This is in contrast with the find- 
ings of Gitlin et al. (18), who recovered practically all the activity 
in the protein moiety. The difference in results may be attrib- 
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uted to the different iodination procedure used. We assume 
that this lipid labeling is related to the presence of unsaturated 
fatty acids in the lipoprotein molecules. Fortunately, the 
amount of radioactivity bound to lipids, was too small to inter- 
fere significantly in our experiments. 


SUMMARY 


1. Human serum aLP (d 1.063-1.21) was freed of lipids by an 
alcohol-ether extraction procedure at —20° and the resulting 
lipid-free protein, aP, labeled with I. 

2. Addition of aP-I'* to fresh human serum induced the for- 
mation of a labeled complex which exhibited ultracentrifugal and 
electrophoretic (starch-gel) characteristics of an unlabeled aLP. 
A radioiodinated aLP was also formed when aP-I*! was equili- 
brated with an excess of aLP. 

3. Mixtures of aLP-I" and aP gave results similar to those 
obtained with mixtures of aLP and aP-I"!. 

4. These exchange reactions reached equilibrium rapidly. 

5. In the absence of aLP small amounts of aP-I"! reacted 
with artificial fat emulsions, serum chylomicrons, and BLP (d 
1.006-1.063). In this last case two radioactive complexes were 
obtained which exhibited ultracentrifugal and electrophoretic 
characteristics of aLP and BLP, respectively. 

6. When aLP-I", instead of aP-I™, was used in these experi- 
ments, no interaction was observed between this labeled lipopro- 
tein, BLP, and chylomicrons. It reacted, however, with a coco- 
nut oil emulsion. 

7. The possible significance of these findings is discussed in 
relation to the mechanism of fat transport. 
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It is now established that human blood plasma contains at 
least three distinct groups of lipoproteins. Although there are 
several physical methods of isolating lipoproteins, ultracentrifu- 
gation has proved to be the most precise. By this means, lipo- 
protein groups of known mean hydrated density have been iso- 
lated and characterized. These differ from each other in peptide 
composition (1, 2), lipid content (3, 4, 5), turnover time (6), 
and response to various pathological conditions (7,8). However, 
their relationships to each other and their function in the trans- 
port of lipids are not yet understood. A more detailed knowledge 
of the composition of each group might help in resolving these 
questions. 

In recent years, much work has been done on methods of 
analysis of mixtures of long-chain fatty acids. Such methods 
include column, paper and gas-liquid chromatography, enzymic 
oxidation, and alkali isomerization. These methods have been 
applied to the analysis of the fatty acids of whole plasma, plasma 
phosphatides, cholesterol esters, triglycerides (9-13), and plasma 
lipoproteins (14, 15). 

It may reasonably be assumed that phosphatides and choles- 
terol esters play an essential part in maintaining the structure of 
lipoproteins since they are found in all lipoprotein groups so far 
examined (with the possible exception of a very high density 
lipoprotein (16)). However, their relative importance may vary 
from one lipoprotein type to another. For instance, phospha- 
tides may be much more important in stabilizing chylomicrons 
and low density lipoproteins than they are in stabilizing the 
peptide-rich, high density lipoproteins. Avigan (17) has pre- 
sented evidence that the ways in which phosphatides and cho- 
lesterol are bound in these two classes of lipoproteins do differ. 
Such differences could be related to the fatty acid composition 
of the lipids since the introduction, for example, of cis double 
bonds into a fatty acid chain alters the shape and physical prop- 
erties of the molecule (18). 

Investigations of the problem of atherosclerosis led to the 
discovery of a relationship between hypercholesterolemia and 
the elevation of specific lipoprotein classes. Recent work has 
established that ingestion of unsaturated fatty acids leads to 
lowering of serum cholesterol levels (19, 20). There are several 
possible explanations of this, but it became of particular interest 
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to study the relationship of unsaturated fatty acids to cholesterol 
in lipoproteins. 

We have thus examined the fatty acid composition of three 
well defined lipoprotein fractions and, to some extent, the fatty 
acid composition of their phosphatides, cholesterol esters, and 
triglycerides. 


EXPERIMENTAL PROCEDURE 


Methods 


Lipid extraction was performed by the method of Folch et al. 
(21). Peptide was determined by filtering the extraction mixture 
through a tared, sintered glass funnel and washing the chloro- 
form-methanol insoluble residue with 70% (volume for volume) 
aqueous ethanol and then with boiling distilled water. The 
funnel and contents were dried in an oven at 105° and later in 
a vacuum to constant weight. Lipid was determined by taking 
aliquots of the washed extract, evaporating the solvent under a 
heat lamp, and drying in a vacuum to constant weight. 

Total phosphorus was determined by the method of King (22). 
Phosphatide was estimated by multiplying this value by the 
factor 25. Total sterol was determined by the method of Zlatkis 
et al. (23). Results were expressed in terms of cholesterol. Since 
it has been reported that unsaturated fatty acids interfere with 
this method (24), samples of lipids of each lipoprotein group were 
assayed simultaneously by this method and that of Sperry and 
Webb (25). The results agreed to within 5%. 

Iodine number was determined by the method of Yasuda (26). 
This method was found to give more consistent results than that 
of Wijs (27), although some low values are obtained with polyene 
fatty acids. Total fatty acids were estimated by saponifying 
a suitable weight of lipid in 0.1 N alcoholic potassium hydroxide 
and back-titrating to the phenolphthalein end point with 0.1 n 
HCl. In calculating the percentage of fatty acids, a mean mo- 
lecular weight of 283 was assumed. Polyunsaturated fatty acids 
were determined by a modification! of the method of Herb and 
Riemenschneider (28). The monoethenoid fatty acid content 
expressed as oleic acid was estimated from the iodine number by 
subtracting the contribution of the polyunsaturated fatty acids 
and cholesterol. Saturated fatty acids were estimated by sub- 
tracting the total unsaturated acid content from the total fatty 
acid content. 

Preparation of Lipoprotein Fractions—The lipoproteins studied 
include 8-lipoproteins in the density range from 0.96 to 1.00 
(S, 400 to 20), B-lipoproteins of density 1.03 (S, 10 to 2), and 


1 Unpublished observations of C. D. Joel and M. L. Karnovsky. 
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the a-lipoproteins in the density range from 1.09 to 1.14. All 
S, values are for solvent density 1.063 at 25°. 

Each batch of lipoproteins was prepared from resin-collected 
plasma or serum (29) from a single human volunteer. Two 
samples of 6-lipoproteins of density 1.03 were prepared from 
Fraction III, method 10B (30), from pooled serum. The results 
from these samples were within the range found for plasma 
from single subjects. All manipulations involved in the prepara- 
tion of the lipoproteins were carried out in a cold room main- 
tained at 0° and all solutions used contained 0.1 g per liter of the 
disodium salt of ethylenediaminetetraacetic acid (5). 

The first stage in the preparation was the flotation of the 
B-lipoproteins. A sufficient volume of a solution containing 
sodium chloride (2.90 m) and potassium bromide (2.90 M) was 
added to the plasma to bring the density to 1.063. This was 
then centrifuged at 105,000 x g for 18 hours and the {-lipo- 
protein concentrate was removed from the top of the tube. The 
density of the lower phase was adjusted to 1.21 by dialysis against 
a calculated volume of sodium chloride-potassium bromide solu- 
tion, 1.82 m with respect to each salt. It was centrifuged at 
105,000 x g for 18 hours and then the a-lipoprotein concentrate 
was removed from the top of the tube. 

The £B-lipoproteins were further fractionated in a density 
gradient tube (5, 31) to give lipoproteins of density less than 
1.00 and density 1.02 to 1.04.. The less dense lipoprotein solu- 
tion was dialyzed for 48 hours against several changes of 0.15 m 
sodium chloride and centrifuged at 26,000 x g in a Spinco model 
L ultracentrifuge (rotor S.W. 39L) for 60 minutes. The chylo- 
microns which formed a creamy layer at the top of the tube were 
removed and the translucent lower phase, lipoproteins of density 
0.96 to 1.00, collected. 

Preparation of Lipid Components—Phosphatides were precipi- 
tated with acetone from a solution of the lipid in light petroleum 
(30°-60°). A small amount of saturated alcoholic MgCl. was 
used to facilitate the precipitation. The precipitate was ex- 
tracted with chloroform and the phosphatide reprecipitated at 
least once without adding MgCl». As a check on this method 
the phosphatides were removed from the lipids of one lipoprotein 
preparation of density 1.03 by adsorption on Florisil (32). The 
fatty acid content of this fraction was then calculated by differ- 
ence from analyses of the original lipid and the neutral lipid. 
The results agreed well with those given by direct determination 
on the acetone-precipitated sample. 

Cholesterol esters were prepared by chromatography on silicic 
acid (33). In this method, the esters are washed through the 
column without being strongly adsorbed. The only precautions 
taken to prevent oxidation were to flush the column with nitro- 
gen before starting and to use nitrogen pressure to speed up the 
flow rate. As pure cholesterol esters dissolve only with difficulty 
in the reagent used for alkali isomerization’, they were always 
saponified and the isolated fatty acids used for all determinations. 

Triglycerides were obtained from a preparation of lipoproteins 
of density 0.96 to 1.00 by removal of phosphatides from the 
gross lipid by acetone precipitation and Florisil adsorption and 
chromatographing the residual neutral lipid on silicic acid. The 
cholesterol esters were first washed through as previously de- 
scribed. The triglycerides were then eluted from the column 
with 1% (volume for volume) diethyl ether in light petroleum 
(30°-60°). Experiments with the use of artificial mixtures 
showed that this solvent mixture would elute triglycerides but 
not unesterified cholesterol. Tests of aliquots by the qualitative 
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Liebermann-Burchard reaction showed that the triglycerides 
had been freed from the very small amounts (less than 5%) of 
unesterified cholesterol in the lipid of this lipoprotein Fraction. 


RESULTS 


In any study of unsaturated lipids, care must be taken to 
prevent oxidation. Once the lipid has been extracted from a 
lipoprotein, it may be stored under nitrogen in the cold for long 
periods without noticeable oxidation occurring. However, dur- 
ing preparation of the lipoproteins it is not practicable to exclude 
air at any stage. Since preparation of the lipoprotein fractions 
used in this study took about 7 days, an attempt was made to 
prevent oxidations by removing divalent ions from the samples 
and maintaining the latter at low temperatures. A sample of 
8-lipoproteins was kept at 4° under air for 36 days. The spec- 
trum in sodium chloride solution in the range 220 to 500 my 
was read at 0, 15, and 36 days. The results (Fig. 1) show that 
in the presence of ethylenediaminetetraacetate the preparation 
was remarkably stable. Gurd (34) had found that if ethylene- 
diaminetetraacetic acid were not added, the carotenoid peaks 
between 440 my and 500 my gradually disappeared and the 
absorption at wave lengths below 300 my greatly increased (al- 
most 3-fold in 39 days). 

Lipid Composition—The composition of the lipid from each 
lipoprotein group is given in Table I. 

These figures agree with others reported for similar prepara- 
tions (3, 4, 35, 36). The mean ratios of total sterol to phos- 
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TABLE I 


Some characteristics of lipoproteins with respect 
to their lipid components* 





Lipoprotein group | Phosphatide | Total sterol | Total fatty 


Iodine No. 





a-Lipoproteins...|42.6 + 1.8/23.6 + 0.4/56.9 + 2.8/74.9 + 3.5 

8-Lipoproteins 
(9 = 1.08)..... 26.6 + 2.0/29.9 + 3.3/57.4 + 1.7/82.8 + 2.4 

B-Lipoproteins 
(o = 0.96 to 
| hen ee 














21.5 + 0.4/12.5 + 1.0)83.0 + 1.2/74.7 + 1.9 





* Results are expressed as a percentage of the total lipid, except 
in the case of iodine numbers. Variation is given as standard 
error of the mean. All results are the mean of five observations 
except for the phosphatide and sterol of the 6-lipoprotein (p = 
1.03) which are the means of eight observations, and the iodine 
number of the lipid of that lipoprotein group which is the mean 
of six determinations. 
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phosphatide are: a-lipoproteins, 0.55; 6-lipoproteins (po = 1.03), 
1.12; B-lipoproteins (9 = 0.96 to 1.00), 0.58. These fall within 
the limits given by Oncley (37) for preparations of a- and B- 
lipoproteins made by several workers. 

The predominance of triglyceride in the very low density 
8-lipoprotein is reflected in its high fatty acid content. The 
higher density 6-lipoprotein (p = 1.03) and the a-lipoproteins 
contain roughly the same percentage of fatty acids. The highest 
iodine number is given by that Fraction which contains the 
largest proportion of sterol. The lipids of the other two lipo- 
protein groups have very similar iodine numbers. However, 
since the lipid of the B-lipoproteins of lower density contains a 
much higher percentage of fatty acids than that of the a-lipo- 
proteins, the fatty acids of the former must be more saturated. 

Several workers have made estimates of the triglyceride con- 
tent of the a-lipoproteins, but for the most part without direct 
determinations. According to Oncley (38) about 10% of the 
lipid could be triglyceride. Other workers have put the figure 
at between 10 and 20% (3, 4, 35) of the lipid. On one purified 
preparation (see below) of a-lipoproteins an attempt was made 
to determine this figure directly. The phosphatide was re- 
moved by acetone precipitation and Florisil adsorption as de- 
scribed under “Experimental Procedure.’”’ The neutral lipid 
was then saponified and after diluting the saponification mixture 
with water and acidifying with hydrochloric acid, the nonsa- 
ponifiable fraction and the fatty acids were extracted into ether. 
The aqueous phase was assayed for glycerol by the method of 
Karnovsky and Brumm (39). From this figure it was found 
that 8% of the lipid was triglyceride calculated as tristearin. 

The percentages of peptide in the 8-lipoprotein preparations 
of higher and lower density were 19.1 + 0.82 and 6.1 + 0.67, 
respectively. These figures are somewhat lower than those 
given by Oncley et al. (5). As these workers did not remove 
chylomicrons from their preparation of lower density one would 
expect their peptide results to be lower than those given here. 
The discrepancy may be due to the different methods used in 
the determinations or to the loss of some of the protein during 
the extraction procedures used in these studies. The figure ob- 
tained for the peptide present in the a-lipoproteins was 79.5 + 
2.69. This is much higher than the accepted figure (49 to 59%). 
The difference could be due to inefficient lipid extraction or to 
contamination by another protein. Examination by paper elec- 
trophoresis showed that the preparation obtained by the method 
previously described was heavily contaminated by albumin. 
It is known that it is very difficult to separate these two compo- 
nents of plasma; and Bragdon et al. (35) state that a much longer 
centrifugation time is needed than was used here. When part 
of an a-lipoprotein preparation was purified by repeated ultra- 
centrifugation and the pure preparation examined and compared 
with the original, the percentages of peptide were found to be 
52.3 and 72.2, respectively. 
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The fatty acid composition of the three lipoprotein groups is 
given in Table II. 

The most striking fact about Table II is the over-all similarity 
of the three fractions. The percentages of dienes, tetraenes, 
pentaenes, and hexaenes are lower in the lipoproteins of density 
0.96 to 1.00 than in the two more dense lipoprotein groups. 
This may be due to the very high content of triglycerides. Be- 
cause of the low and somewhat variable trienoic acid level, no 
significant conclusions can be drawn from its distribution in the 
three groups. The percentages of tetraenoic, pentaenoic, and 
hexaenoic acids are highest in the lipoprotein containing the 
most phosphatide, 7.e. the a-lipoproteins. 

These figures harmonize well with the figures given by Ham- 
mond and Lundberg (10) and Evans et al. (9) for fatty acids 
of whole plasma, the percentage values for pentaenoic and hexa- 
enoic acids falling between the values given by these two groups 
of workers. The ratio of pentaenoic to hexaenoic acid is lower, 
however, than that found by them. 

Gillies et al. (14) analyzed the S, 0 to 20 and S,; 20 to 400 
lipoprotein classes from one plasma sample. The results ob- 
tained differed markedly from those given above. The figures 
for the fraction of S; 0 to 20 should correspond to those for our 
B-lipoproteins of density 1.03, and those for 8S; 20 to 400 to those 
for our 8-lipoproteins of density 0.96 to 1.00. Gillies et al. (14) 
found that polyunsaturated acids were virtually absent from 
their S, 20 to 400 fraction. Although we find that the per- 
centages are much lower in the #-lipoproteins of lower density 
than in those of higher density, all of the polyunsaturated acids 
are present. These workers also found more saturated acids 
and less mono-, di-, and trienoic acids in their S; 0 to 20 prepara- 
tion than we do in our preparation of 6-lipoproteins, density 1.03. 

The fatty acid contents of the various lipid subfractions are 
given in Table III. Each analysis represents one original plasma 
sample. 

The results agree well with the general conclusions reached 
from Table II. Thus the phosphatides from the a-lipoproteins 
and the more dense 6-lipoprotein contain, in general, more tetra-, 
penta-, and hexaenoic acids than do other fractions. The fatty 
acid contents of the phosphatides of the two lipoprotein groups 
are very similar although it does seem that the phosphatide from 
the 8-lipoproteins of greater density contains more saturated 
plus monounsaturated acids and less polyunsaturated acids than 
that from the a-lipoproteins. 

The results agree well with those of James et al. (13) for phos- 
phatides of whole plasma except for the monoenoic acid figure 
which is higher. These workers used gas-liquid chromatography 
to separate the fatty acids. A much higher proportion of di- 
enoic acids in plasma phosphatides was reported by Lipsky 
et al. (12) who used chromatography on silicic acid for the separa- 
tion. However, they analyzed only one plasma sample. 

The figures for sterol esters agree well with those of Tuna 


TABLE II 
Fatty acid composition of lipids of lipoproteins* 





| 


Lipoprotein preparation Saturated acids 


Monoenoic acids 


Dienoic Acids | Trienoic acids |Tetraenoic acids|/Pentaenoic acids|Hexaenoic acids 





a@-Lipoproteins..... 00.00.0002... (35.3 + 41 29.4 + 2.0 | 23.7 + 1.7| 1.0 + 0.3| 7.7 + 0.6| 1.6 + 0.1| 1.8 + 0.2 
g-Lipoproteins (p = 1.08).............. 36.9 + 3.7 | 27.5 + 2.7 | 25.640.8/1.5+0.2/63+403|1.2+01/11401 
8-Lipoproteins (p = 0.96 to 1.00)...... | 46.2 + 1.9 | 31.0 + 2.2 | 16.1+0.6/1.2402)38+02/09+401/09+0.1 





* Results are expressed as percentages of the total fatty acids present in the lipid of each lipoprotein. 
Variation is expressed as standard error of the mean. 
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et al. (11) for cholesterol esters of whole plasma. There is a 
very high content of dienoic acid in these esters and mono- and 
di-unsaturated acids account for about 70% of the total acids of 
the sterol esters. Since only one sample of sterol esters from an 
a-lipoprotein preparation was analyzed, too much significance 
should not be attached to the very high proportion of trienoic 
acid and the higher proportion of monoenoic than dienoic acid 
in this Fraction. 

More than 80% of the fatty acids of triglycerides from the 
B-lipoproteins of density 0.96 to 1.00 are saturated or mono-un- 
saturated. This agrees with previous results on triglycerides 
(12) of plasma. The one noticeable feature is the very low per- 
centage of tetraenoic acids. A comparison of the results of 
James et al. (13) with those of Tuna et al. (11) shows that the 
percentage of this acid is lower in plasma total neutral lipid than 
in plasma cholesterol esters. This would support our finding 
that triglycerides contain only a small proportion of tetraenoic 
acids. 

James et al. (15) recently published the results of an analysis 
by gas-liquid chromatography of the fatty acids of lipoprotein 
lipids. They did not purify their lipoprotein Fractions in the 
ultracentrifuge and so their preparations do not correspond to 
ours. Comparison of our results with theirs is also rendered 
difficult by the small number of samples analyzed in each case 
and the consequent lack of information on the variation between 
individuals. It would seem that the methods we used may have 
overestimated the monoenoic acids and underestimated the sat- 
urated acids. 

As a check upon the validity of the methods used in calculating 
the amounts of saturated and mono-unsaturated acids, two lipid 
samples were analyzed by gas-liquid chromatography. The 
samples chosen were (a) triglycerides from a preparation of 
6-lipoproteins of lower density; (b) total lipid from a preparation 
of B-lipoproteins of higher density. The methyl esters of the 
fatty acids were prepared by the method of Stoffel et al. (40) 
except that the esters from the triglycerides were not sublimed. 


TaBte III 
Fatty acid composition of various lipid fractions of lipoproteins* 






































4 . 3 3 @ o be 3 3 - 3 - 
i Lipid fraction 53 23 33 &s £3 33 oe 
$8is ja ke le \& 

a-Lipoproteins | Phosphatides (a) 19.1/2.4/10.1/2.1|1.8 

Phosphatides (c) |33.2|25.6/24.9/2.3) 9.0/2.9|2.4 

Sterol esters (c) /19.1/36.4/30.6/7.8) 4.9/0.5)0.8 

8-Lipoproteins | Phosphatides (a) 14.3)1.8) 8.9|2.1)1.8 

(op = 1.03) Phosphatides (b) |29.3/44.7/14.1)1.3) 7.4)1.51.9 

Phosphatides (c) |42.7/32.1/17.4)1.2) 3.7|1.0)1.9 

Sterol esters (b) |19.3/26.4/45.8)1.5) 6.0)1.0/0.5 

Sterol esters (c) |25.6/28.8/38.4/2.6 3.40.50.7 

8-Lipoproteins | Triglycerides (b) |31.5)50.7/14.0)1.3 1 do.60.5 

(0 = 0.96 to | Triglycerides (c) |38.2/42.1/16.8)1.6) 1.5/0.4/0.4 
1.00) 

| | 





* Results are expressed as percentages of the total fatty acids 
in each fraction. The acids in the cholesterol esters were ob- 
tained by saponification and the various determinations done 
directly on them. It was assumed that 71% of the phospholipids 
and 90% of the triglycerides were fatty acids. (a), (b), and (c) 
represent three different original plasma samples used. 
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TaBLe IV 
A comparison of results obtained by computation from analytic data 
or by gas-liquid chromatography for fatty acid composition 
of lipids from lipoproteins* 











Total lipid of 8-lipoproteins| Triglyceride of 8-lipopro- 
p = 1.03 teins p = 0.96 to 1.00 
Fatty acids . 4 
Alkali — Alkali a 
isomerization| Ges-liquid isomerization] remevog- 
an 
computationt raphy semputahiont raphy 
| 41.3 47.8 39.5 38.3 
Monoenoic acids..... 29.5 28.1 43.2 43.4 
Dienoic acids........ 29.2 24.1 17.3 18.4 

















* Results expressed as percentage of sum of saturated, mono- 
enoic and dienoic fatty acids. 
t See ‘‘Experimental Procedure.” 


They were chromatographed on a Pye gas-liquid chromatograph 
with the use of a tube 4 feet long packed with 20% polydiethyl- 
eneglycol-pentaerythritoladipate on a stationary phase of Celite 
(100 to 120 mesh). 

Quantitative measurements were possible only on palmitic, 
palmitoleic, stearic, oleic, and linoleic acids. From these figures, 
the relative amounts of saturated, mono-unsaturated, and linoleic 
acid were calculated and compared with the results obtained by 
the methods previously described (Table IV). 

Although the very close agreement found in the case of the 
triglycerides is probably coincidental, the experiment shows 
no major difference between the two methods. Agreement be- 
tween the results of alkali isomerization and gas-liquid chroma- 
tography was also found by Tuna et al. (11) in their studies of 
plasma lipids and cholesterol esters. 

The close agreement found for the monoethenoic acid content 
in both cases is somewhat surprising, since comparison of our 
results with those of James et al. (15) and of Nelson and Freeman 
(36) suggested that discrepancies might be revealed in this esti- 
mation. 


DISCUSSION 


Fatty acids containing up to six double bonds are present in 
all three lipoprotein groups and in all subfractions of these groups 
that were examined. The variations in the fatty acid contents 
of these lipoproteins seem more to reflect the differing propor- 
tions of phosphatides, sterol esters, and triglycerides than specific 
differences between the lipoprotein groups. This is also indi- 
cated from the data of Nelson and Freeman (36) who have ex- 
amined the fatty acid composition of separated phosphatide 
species from lipoprotein groups. Large variations between indi- 
vidual donors were found. Sufficient information is, however, 
not available as yet for any generalizations to be made. 

It is interesting to note that the sterol esters contain little 
more of the fatty acids with three to six double bonds than do 
the triglycerides from the §-lipoproteins of lower density. De- 
ductions made from iodine number determinations may be mis- 
leading. Thus the iodine numbers of the fatty acids of phospha- 
tides and cholesterol esters may be very similar whereas the 
actual compositions differ greatly. In both sterol esters and 
triglycerides, the proportion of mono-unsaturated acids is higher 
than that of the saturated acids but in phosphatides, the ratio is 
variable. 

It is difficult to make deductions about transport of fatty 
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acids on the basis of concentration in various lipids. Although 
it has-been known for many years that cholesterol: esters of 
plasma‘contain a very high proportion of linoleic acid, no evidence 
has been obtained that cholesterol is important as a vehicle for 
the transport of this acid (41). The very high content of highly 
unsaturated acids in the phosphatides may mean that they are 
transported in this form. 

No definite role has been assigned to the very unsaturated 
fatty acids in the animal body although some of them are essential 
dietary constituents. Recent work has shown that phospha- 
tides containing high proportions of very unsaturated acids are 
active in blood clotting systems (42-44). This activity is de- 
pendent upon the high degree of unsaturation of the fatty acids 
since oxidation of the double bonds reduces it (45). The activity 
seems to be due to the physical properties bestowed on the 
phosphatide molecule by polyunsaturation (45). An important 
phenomenon involving the lipid moieties of lipoproteins is the 
dynamic equilibrium which exists between these entities and the 
lipids of cellular components of blood (e.g. 13, 46, 47). The 
large proportion of polyunsaturated fatty acids in the lipids of 
plasma lipoproteins raises the question of whether these sub- 
stances are particularly involved in exchanges of lipid moieties 
such as those mentioned. 


SUMMARY 


An examination of the lipid moieties of a-lipoproteins of den- 
sity 1.09 to 1.14, B-lipoproteins of density 1.03, and 8-lipopro- 
teins of density 0.96 to 1.00, has been carried out, particularly 
in respect to their fatty acids. Fatty acids containing up to 
six double bonds were found in all three lipoprotein groups. 
Protection of these entities against oxidation during preparation 
of the lipoproteins was achieved through the use of ethylene- 
diaminetetraacetate. The proportions of triglyceride, phospha- 
tide, and sterol esters in the lipids from the lipoproteins were 
determined, and in some cases the nature of the fatty acids in 
these subfractions was studied with respect to their unsaturation. 
A limited comparison of data obtained by chemical methods and 
that obtained by gas chromatography was made, and the agree- 
ment was found to be good. 
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It has been long established that cartilage contains acid muco- 
polysaccharides and protein (1, 2). Whereas the mucopoly- 
saccharide of bovine hyaline cartilage has been identified as 
chondroitin sulfate A, there have been few investigations until 
recently concerning the nature of the protein. In 1954 Shatton 
and Schubert (3) isolated from bovine nasal septa a substance 
containing a noncollagenous protein associated with chondroitin 
sulfate, which has been variously designated as chondromucopro- 
tein, mucoprotein, or protein-polysaccharide complex. In this 
communication the latter term, or simply complex, will be used. 
A more complete identification and characterization carried out 
by Mathews and Lozaityte (4) indicated that the protein-poly- 
saccharide complex exists as a macromolecular unit. 

It has been demonstrated that after the administration of 
$*°0,", chondroitin sulfate is labeled in the sulfate ester group. 
The extent of uptake and the rate of disappearance of this label 
may be used to measure metabolic turnover. Schiller et al. (5) 
found that turnover rates utilizing C™ precursors were similar to 
those obtained with S* and concluded therefrom that turnover 
studies with S** measure the metabolism of the entire chondroitin 
sulfate molecule. On the basis of the disappearance of S*® from 
the costal cartilage of adult rats, Béstrom (6) studied the turn- 
over of the mucopolysaccharide moiety of complex. The maxi- 
mal uptake occurred 24 hours after administration of tracer and 
the radioactivity declined to about half the maximal value by 
the 17th day. No information regarding the protein moiety of 
the complex was obtained. 

If the protein-polysaccharide complex is formed as a unit by 
the chondroblast, the protein and polysaccharide portions of the 
complex may be metabolized at the same rate. The rate of 
metabolism of two moieties can be studied simultaneously if each 
can be labeled specifically. The present study was undertaken 
to accomplish this end. 


- 


EXPERIMENTAL PROCEDURE 


Materials—nu-Lysine-1-C“ was obtained from Volk Chemical 
Corporation. NaS**O, was obtained from the Atomic Energy 
Commission. 1-Lysine-HCl was obtained from Nutritional Bio- 
chemicals Corporation. 1,4 - bis - 2(5- Phenyloxazolyl) benzene 


* This investigation was supported by grants from the National 
Foundation, the Chicago Heart Association, and the American 
Heart Association. 

+ Work done during tenure of an American Heart Association 
Postdoctoral Fellowship. 

t Work done during tenure of an Established Investigatorship 
of the American Heart Association. 


was obtained from Arapahoe Chemicals, Inc. p-Terphenyl and 
aluminum stearate were obtained from Fisher Scientific Com- 
pany. Male albino rats were obtained from Sprague-Dawley, 
Inc. The culture of Bacillus cadaveris was a gift of Dr. M. 
Hanke, Department of Biochemistry, University of Chicago. 

Methods—Glucuronic acid was determined by the method of 
Dische (7). Hexosamine was determined by a modification of 
the method of Boas (8). Nitrogen was determined by a micro- 
Kjeldahl method. Hydroxyproline was determined by the 
method of Martin and Axelrod (9). Sulfate analyses were car- 
ried out according to Muir’s modification of the method of 
Dodgson and Spencer (10). Amino acids were analyzed by 
paper chromatography.’ Amino sugars were identified by the 
method of Kirk and Dyrbe (11). 

Lysine decarboxylase was prepared by a modification of the 
procedure of Gale and Epps (12). The bacteria were grown on 
a medium consisting of 1% veal infusion, 2% glucose, 4% casein 
amino acids (enzymatically hydrolyzed), and 0.075% t-lysine- 
HCl at an initial pH of 6.0. After incubation for 24 hours at 
room temperature the bacteria were harvested, washed in acetone 
at —15°, and dried with cold acetone-ether and ether. The 
crude powder as used was specific for L-lysine. 

Technique of Metabolic Experiments—Na.S**O, was used as a 
precursor to label the mucopolysaccharide portion of the com- 
plex. p1i-Lysine-1-C™ was used to label specifically the protein. 
This precursor was chosen since lysine is an essential amino acid 
for the rat and therefore the administered compound is not 
diluted by endogenously synthesized amino acid. Utilization 
of the Gale and Epps (12) technique of specific decarboxylation 
permitted the recovery of the isotope from a protein hydrolysate 
at the micromolar level. For the metabolic experiments 5 groups 
of rats, with 10 animals in each group, were utilized. Age at 
the beginning of the experiment was 99 days; this age was se- 
lected in order to minimize growth changes during the experi- 
ment. Since no group of rats had an average weight change 
greater than 10% during the experiment, and the average weight 
at the outset was the same in all groups, no correction for weight 
was made in the metabolic data. A total of 20 uc of pt-lysine- 
1-C™ and 60 ue of NaS*O, was injected subcutaneously into 
each animal in 3 divided doses at 4-hour intervals. The first 
group of animals was killed 24 hours after the initial injection 
and subsequent groups were killed 3, 5, 9, and 17 days after 
administration of isotope. 


1 The authors are indebted to Mr. William White of the Armour 
Laboratories for these analyses. 
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Preparation of Protein-Mucopolysaccharide Complexr—The rats 
were killed by ether anesthesia and decapitation. The entire 
chest cage was removed immediately and frozen with dry ice. 
All subsequent work was carried out at 2-3° unless otherwise 
specified. The ribs were dissected, extraneous muscle and fibrous 
tissue were removed, and the perichondrium was stripped away 
from the costal cartilage. The cleaned cartilage was cut into 
pieces 2 to 5 mm long, and crushed by use of a Hughes block. 
The yield of wet cartilage varied from 2.9 to 3.4 g per group of 
rats. Extraction of the cartilage followed the procedure of 
Mathews and Lozaityte (4) with the exception that the initial 
water extraction of 48 hours was repeated; the extracts were 
combined and treated together. The yield of complex ranged 
from 80 to 95 mg. 

Since previous studies had shown that further water extraction 
yields only small amounts of complex, the residue was extracted 
with 2% NaOH in order to obtain the remaining chondroitin 
sulfate. For this purpose 4.0 ml of 2% NaOH per g of cartilage 
were used. After centrifugation and neutralization, saturated 
(NH,)2S8O, was added. The filtrate was dialyzed until the NH,* 
nitrogen was less than 0.02 mg per ml. Chondroitin sulfate was 
precipitated by the addition of sodium acetate and 95% ethanol. 
The use of alkali for extractions results in the isolation of chon- 
droitin sulfate almost free of protein. Yields ranged from 40 to 
55 mg for preparations which, upon analysis, showed an average 
molar ratio to hexosamine of 1.25 for nitrogen, 0.99 for uronic 
acid, and 0.97 for ester sulfate. Paper electrophoresis revealed 
only a single spot with the mobility of chondroitin sulfate. Chro- 


TaBLeE I 
Analysis of chondroitin sulfate-protein complex 








| Molar ratio* 
heidi ear et tia ie ma hE Me a | 1.00 
Sa aa GES trie a ASAI LA De | 1.17 
GT? SFI STOCTPA IONS FOO VIO aie | 3.43 
Go ree ie ees cts’. | 1.08 

| % 
Tt RR ee RU. 2). SUSU OU eds | 24.8 
Chondroitin sulfate............. eile Taegin sia 75.2 
Ne 5.5 5:4 Sadia er seeoisiager sia - | 0.03 





* Molar ratio assumes hexosamine to be 1.00 and all other 
components are referred to this analysis. 


TaBLeE II 


Amino acid analysis of rat and bovine 
chondroitin sulfate-protein complex 

















Rat | Bovine Rat Bovine 
8/100 g 8/100 g 

Arginine. ........| 0.89 | 0.91 | Isoleucine....... | 0.76 | 0.67 
Histidine. ........ 0.80 | 0.80 | Valine........... 0.888) 0.95 
SS Oe 0.84 | 0.82 | Glutamic acid...| 2.70 | 2.60 
co ee 0.70 | 0.78 | Aspartic acid... .| 1.25 | 1.35 
Phenylalanine..... 0.92 | 0.85 | Glycine.......... 0.96 | 0.78 
Methionine........| 0.20 | 0.10 | Alanine..........| 0.85 | 0.93 
Threonine.........| 1.12 | 0.84 | Proline.......... 1.25 | 1.30 
eT 1.15 | 0.95 | Cystine-cysteine.| 0.98 | 0.85 
Leases. viene 1.15 | 1.50 | 
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matography demonstrated the presence of galactosamine and 
the absence of glucosamine. 

Isolation of Radioactive Isotopes and Preparation of Samples 
for Counting—The protein-polysaccharide complex was hydro- 
lyzed with 6 N HCl for 14 hours in a sealed flask at 100°, after 
26.6 umoles of t-lysine-HCl were added as carrier. The sam- 
ples were evaporated twice to dryness in a vacuum, clarified by 
centrifugation, and BaS**O, precipitated by addition of excess 
BaCl.. The clear supernatant was transferred to a Warburg 
vessel after the pH was adjusted to 6.5. The lysine decarbox- 
ylase, suspended in buffer, was placed in the side arm and tipped 
into the reaction chamber after CO. was removed by No. The 
enzymatic reaction was permitted to proceed at room tempera- 
ture for 90 minutes. The evolved CO, was trapped in carbonate- 
free Ba(OH:). BaC™O; and BaS**O, were washed in methanol, 
dried, weighed in counting vials, and suspended in a scintillating 
gel according to the method of Funt and Hetherington (13). 
The samples were counted in the Packard Tri-Carb liquid scin- 
tillation counter. All sulfate-containing samples were counted 
on the same day so that no correction for isotope decay was 
needed. 





RESULTS 


Table I lists the analyses of a representative preparation of 
protein-polysaccharide complex. The nitrogen analyses indi- 
cate a protein content of approximately 25% and a chondroitin 
sulfate content of approximately 75%. In other preparations 
the protein content varied from 20 to 25%. Appreciable 
amounts of collagen were absent since the hydroxyproline con- 
tent of various preparations was 0.1% or less. 

Amino acid analyses of the protein moiety are presented in 
Table Il. The data indicate that the amino acid composition 
of rat costal cartilage is similar to that of bovine nasal septa 
complex (4). 

Fig. 1 compares the infrared spectra of a known sample of 
chondroitin sulfate A (14) and the mucopolysaccharides isolated 
from the complex and from the alkali extract. No significant 
differences in the spectra are noted, establishing the polysac- 
charide as either chondroitin sulfate A or chondroitin sulfate B. 
The infrared spectrum of chondroitin sulfate C is different (14). 
The polysaccharides from rat cartilage are completely hydro- 
lyzed by testicular hyaluronidase, identifying the polysaccha- 
rides as chondroitin sulfate A, since the testicular hyaluronidase 
does not hydrolyze chondroitin sulfate B. Since hyaluronidase 
does not hydrolyze keratosulfate, heparin, or the heparitin sul- 
fates, these compounds are likewise excluded. 

A preliminary experiment was conducted. Since the results 
were identical with a second, more complete, experiment. the 
presentation is limited to the data derived from the latter experi- 
ment. 

Fig. 2, which is a semilog plot, compares the rate of disappear- 
ance of C with that of S**. The ratio of specific activity at 
time ¢ to that of time ¢, (t. = 1 day after administration of iso- 
tope, which is the time of maximal labeling) is plotted against 
time. There is no apparent difference between the rate of dis- 
appearance of C™ and of S**. Since under these conditions C™ 
specifically labels the protein and S* specifically labels the poly- 
saccharide, it is apparent that both moieties turn over at the 
same rate. 

Additional information regarding the metabolism of the com- 
plex may be obtained by inspection of the shape of the curves 
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Fic. 1. Infrared spectra of chondroitin sulfate A (CSA) and of mucopolysaccharides from rat complex and from rat alkali extract. 


in Fig. 2. Previous studies have indicated that the disappear- 
ance of labeled components from a metabolic pool usually follows 
first order kinetics, i.e. a plot of the log of radioactivity against 
time is linear. Such results were found in the studies of both 
chondroitin sulfate and hyaluronic acid in rat skin by Schiller 
et al. (5). Unlike those experiments, linearity is not observed 
in Fig. 2. The nonlinearity suggests the possible presence of 
more than one metabolic pool of complex in cartilage. 

This question was approached in another manner by comparing 
the rate of disappearance of S** from the chondroitin sulfate of 
the water-extracted complex with that obtained by alkali ex- 
traction of the residues (Fig. 3). It should be pointed out that 
alkali-extracted chondroitin sulfate is probably also protein 
bound in cartilage since recent work indicates that almost all 
chondroitin sulfate of cartilage is bound to protein (15). Of note 
is the finding that the maximal labeling at ¢, is lower for the al- 
kali-extracted material, suggesting that the rate of synthesis of 
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Fic. 3. 8*5 from complex and from alkali extract plotted as log 
of specific activity against time. 


this fraction is less than that of the chondroitin sulfate of the 
water-extracted complex. Furthermore, the rate of disappear- 
ance of S** from these two fractions is different. At ¢, the com- 
plex has a specific activity equal to twice that of the alkali-ex- 
tracted chondroitin sulfate, whereas at 16 days this ratio has 
dropped to approximately 1.3. These findings further substan- 
tiate the concept that the chondroitin sulfate of cartilage is not 
metabolically homogenous. 


DISCUSSION 


The existence of a mucopolysaccharide-protein complex raises 
the question of the mechanism of biosynthesis. The data pre- 
sented in this paper suggest that the complex is metabolized as 
a unit. The rate of turnover of any component is a function of 
both synthesis and breakdown. In the case of chondroitin sul- 
fate of cartilage it seems evident that this compound is manu- 
factured by the chondroblast (16). Since the protein portion 
turns over at the same rate as the polysaccharide, it seems most 
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likely that the entire complex is synthesized as a unit and ex- 
truded into the matrix. 

The problem of mechanism of synthesis of complex proteins 
is of considerable biological interest. The question as to whether 
prosthetic groups are synthesized at the same rate as the protein 
portions of such molecules has not been adequately studied. In 
the case of synthesis of hemoglobin by rabbit reticulocytes 
Kruh and Borsook (17) found a close temporal parallelism of 
heme and globin synthesis. However, London et al. (18) found 
that such a parallelism does not occur in duck erythrocytes. 
Richmond et al. (19) reported that irradiation in rabbits results 
in a greater inhibition of heme synthesis than of globin synthesis. 

These considerations are important with respect to the bio- 
synthesis of chondroitin sulfate. Although several studies have 
indicated that a soluble enzyme which brings about sulfation 
may be obtained from epiphyses, net synthesis of chondroitin 
sulfate has not yet been demonstrated. The finding by Salmon 
and Daughaday (20) that amino acids stimulate sulfate uptake 
in costal cartilage may indicate that the chondroitin sulfate 
synthesis requires concomitant synthesis of the protein moiety. 

The mechanism of breakdown of matrix is unknown. It seems 
unlikely that the complex returns to the cells and is degraded 
by a reversal of the synthetic process. Thus far, enzymes de- 
grading chondroitin sulfate have not been found in cartilage. A 
possible mechanism of degradation of chondroitin sulfate in 
tissues is afforded by the observation of French and Benditt 
(21), showing that chondroitin sulfate may be released from 
cartilage by the action of proteolytic enzymes. Lack and Rogers 
(22) have found that plasmin has a similar effect. That this 
reaction may occur in vivo is suggested by the observation of 
Thomas (23) that intravenous administration of papain is fol- 
lowed in the rabbit by reversible collapse of cartilagenous struc- 
tures. The increase of urinary excretion of uronic acid concomi- 
tant with a loss of metachromasia in the cartilage suggests that 
proteolysis has resulted in a release of chondroitin sulfate which 
becomes more diffusible. Of interest in this connection has been 
the finding of mucopolysaccharides in blood (24, 25) and urine 
(26, 27) of normal individuals. 

With these concepts in mind, the findings in this study may 
be utilized to construct a picture of the metabolism of chon- 
droitin sulfate in cartilage which may have more general appli- 
cability to ground substance of connective tissues. 

It is apparent that the chondroitin sulfate-protein complex is 
extruded from the cell as a unit, possibly the basic molecule of 
4 X 10° molecular weight. This molecule probably aggregates 
to form larger molecules at more distant points from the cell 
(4). That such aggregates may in turn associate with collagen 
is indicated by the experiments in vitro of Mathews (28) and 
has also been suggested by Gross (29). With progression of 
time such molecular associations may become more stable and 
the complex less readily extractable from tissues. This idea 
would adequately explain the apparent metabolical inhomoge- 
neity indicated by the experiments reported in this paper. 

A consideration of the metabolism of chondroitin-protein com- 
plex opens new possibilities for the explanation of derangements 
of cartilage. The breakdown of the complex may occur slowly 
as a result of tissue proteolytic activity to account for normal 
turnover and may be greatly accelerated in certain pathological 
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conditions which are characterized by changes in connective 
tissue ground substance. Other derangements may result from 
a dissociation of the normal integrated synthesis of the protein 
and mucopolysaccharide moieties of the complex. 


SUMMARY 


The metabolism of a mucopolysaccharide-protein complex from 
rat costal cartilage has been studied in vivo. Radioactive tracers 
were injected into several groups of rats which were killed at 
various time intervals. Mucopolysaccharide was labeled with 
S*5O,- whereas simultaneously the protein moiety was labeled 
with lysine-1-C". Recovery of the tracers from cartilage was 
accomplished by water extraction to obtain the complex, fol- 
lowed by an alkali extraction to yield residual mucopolysac- 
charide. The results of the radioactive experiments indicate 
there are no differences in the rates of turnover of mucopoly- 
saccharide or protein moiety, i.e. the complex is metabolized as 
aunit. Since the log rates of turnover are not linear with time, 
it appears that the metabolic pool of complex is not homogenous. 
This concept is substantiated when the turnover of mucopoly- 
saccharide from the complex is compared with the turnover of 
alkali-extracted mucopolysaccharide. Possible mechanisms of 
synthesis and breakdown of cartilage matrix are discussed. 
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A body of evidence has accumulated which indicates that the 
purine analogue, 8-azaguanine, has an inhibitory action upon 
protein synthesis. It ‘has been shown in several laboratories 
that the production of certain inducible bacterial enzymes may 
be inhibited by this agent (1-4). It has also been reported by 
Mandel (5) that utilization of methionine-S** and cystine-S** 
for protein synthesis was markedly depressed in cultures of 
Bacillus cereus exposed to 8-azaguanine. Antibody production 
in the mouse may be suppressed by the administration of 8-aza- 
guanine (6), and an effect upon hemoglobin synthesis in the de- 
embryonated chick blastoderm has been noted (7). 

Although these studies point to an inhibition of protein syn- 
thesis as a possible major site of 8-azaguanine action they do 
not explain the mechanism by which inhibitions occur. These 
effects could be the result of a direct action on one or more of 
the biochemical mechanisms intimately involved in protein syn- 
thesis, or they could be merely a secondary phenomenon result- 
ing from a more distant biochemical action, e.g. interference with 
a fundamental process such as phosphorylation, electron trans- 
port, amino acid metabolism, etc. 

To lay a proper foundation for the investigation of the mecha- 
nism in a cell-free system from rat liver, the effect of 8-azagua- 
nine upon the synthesis of several inducible hepatic enzymes in 
the rat was investigated. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Materials—Barium glucose 6-phosphate and barium fructose 
1,6-diphosphate were purchased from the Schwarz Laboratories, 
Inc., and converted to the corresponding potassium salts by 
treatment with potassium sulfate. u-Tryptophan (grade A) 
was purchased from the California Corporation for Biochemical 
Research. Hydrocortisone as the free alcohol was generously 
donated by Merck Sharp and Dohme and was administered as a 
suspension subcutaneously. 8-Azaguanine was a gift from the 
Lederle Laboratories. Solutions of this were prepared by dis- 
solving the agent with the aid of 1 n NaOH, followed by ad- 
justment to a pH of about 8.5 with 0.1 n HCl. Sodium chloride 
was added to give a concentration of 0.9% at which point the 


* Supported in part by grants from the American Cancer So- 
ciety and the Wisconsin Alumni Research Foundation. 
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solution was diluted to the proper concentration (3.75 to 5.0 
mg per ml depending upon the dose employed). Injections of 
this solution were made into the peritoneal cavity of the rat in 
volumes not exceeding 2.5 ml. 

All other materials were of the highest purity commercially 
available. All water was doubly distilled, the second distilla- 
tion being carried out in an all-glass still. 

Treatment of Animals—The animals used in these experiments 
were young male rats weighing from 75 to 125 g, obtained from 
the Holtzmann Rat Company, and fed ad libitum on standard 
laboratory ration. In experiments involving adrenalectomized 
animals, they were bilaterally adrenalectomized 2 days before 
the beginning of the experiment and were maintained on 0.9% 
NaCl until used. Animals were killed by decapitation after 
anesthetization with pentobarbital sodium (40 mg per kg intra- 
peritoneally). 

Preparation of Liver Fractions and Assays—Glucose 6-phos- 
phatase and fructose diphosphatase were assayed as described 
previously (8). Tryptophan pyrrolase was assayed at two en- 
zyme levels as outlined by Knox (9). 

Statistical Analysis—The data in Tables I and II was analyzed 
by the analysis of variance with the use of a completely random 
design, and evaluated for significance between groups with Dun- 
can’s new multiple range test (10). In these studies variation is 
expressed by the term coefficient of variability (C.V.). 


RESULTS 


Effect of 8-Azaguanine on Hydrocortisone-induced Increases of 
Hepatic Glucose 6-Phosphatase and Fructose 1 ,6-Diphosphatase 
Activities—As discussed in an earlier communication (11) a num- 
ber of laboratories have demonstrated that marked increases 
occur in the activities of hepatic glucose 6-phosphatase and 
fructose 1 ,6-diphosphatase after hydrocortisone administration. 
Most consistent results are obtained if these phenomena are 
investigated in adrenalectomized animals. Investigation of the 
nature of these increases indicates that they represent examples 
of induced enzyme synthesis characterized by the formation of 
new protein. The amino acid antagonist, ethionine, is capable 
of inhibiting this hydrocortisone effect (11) in a reversible man- 
ner competitive with the natural amino acid, methionine. Simi- 
lar findings have been observed in animals treated with 8-aza- 
guanine as shown in Table I. Here it is shown that the increases 
in both glucose 6-phosphatase and fructose 1 ,6-diphosphatase 
activities after hydrocortisone injection (Group 4) are inhibited 
by prior treatment of the adrenalectomized rat for 1 day with 
an intraperitoneal injection of 8-azaguanine in a dose of 75 mg 
per kg (Group 3). Animals treated with 8-azaguanine alone 
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TABLE [I 
Effect of 8-azaguanine on hydrocortisone-induced increases in 
hepatic glucose 6-phosphatase and fructose 
1,6-diphosphatase activities* 
































Glucose 6-phos- Fructose 1,6-di- 
phatase phosphatase 
Treatment crap Bad | »Moles/ \uMoles/ Lt |»Moles/ |uMoles/ 
g liver 100 g of g liver 100 g of 
pang rat/min po eng rat/min 
30° at 30° 30° at 30 
Adrenalectomized 
ee, | 6 7.2)| 32.2 8 4.4|| 18.8 
8-Azaguanine (75 
re 2 6 6.8) | 33.1 6 3.7|| 18.0 
Hydrocortisone + 
8-azaguanine 
(75 mg/kg)...... 3 10 7.6|| 45.6 14 4.4|| 25.2 
Hydrocortisone...| 4 8 | 10.1 | 64.4 8 5.5 | 33.6 
Eo ivan ad 13% 19% 

















* 8-Azaguanine (75 mg/kg) was administered intraperitoneally 
every 12 hours to Groups 2 and 3 for the duration of the experi- 
ment. After 24 hours hydrocortisone (5 mg/rat) was administered 
subcutaneously to Groups 3 and 4 every 12 hours. Hydrocorti- 
sone treatment was continued for 48 hours and then all animals 
were killed and livers assayed for glucose 6-phosphatase and fruc- 
tose diphosphatase activity. All assays were performed in tripli- 
cate. Any means joined by the same vertical line are not signifi- 
cantly different (p = 0.05). 

+ Coefficient of variability. 


TaBLe II 
Effect of 8-azaguanine on induction of hepatic tryptophan pyrrolase* 





| 














_—— 
nurenine 
Treatment | Group No. be hs . ge 
hr at 37° 
Adrenalectomized control. ..... 1 6 1.6 
8-Azaguanine (100 mg/kg)...... 2 6 1.8 
8-Azaguanine (100 mg/kg) + L- | 
a ec 3 9 6.3 
L-Tryptophan.................. 4 6 10.5 
Card PS Ada ihrer Pieds SRO 19% 





* 8-Azaguanine (100 mg/kg) was administered intraperitoneally 
every 12 hours to Groups 2 and 3. After 24 hours L-tryptophan 
(1 mmole/100 g) was given intraperitoneally to Groups 3 and 4. 
The animals were killed 24 hours after tryptophan administra- 
tion and their livers removed and assayed for tryptophan pyr- 
rolase activity at 2 levels of enzyme. Any means joined by the 
same vertical line are not significantly different (p = 0.05). 





(Group 2) had enzymatic activities which were not significantly 
different from those of the controls. 

Effect of 8-Azaguanine on Induction of Hepatic Tryptophan 
Pyrrolase—A possibility suggested by the above results is that 
the effects observed were not the result of an interference of 
8-azaguanine with protein synthesis but rather with the action 
of hydrocortisone itself. In order to rule out this possibility 
it was decided to examine the effect of 8-azaguanine on induced 
enzyme synthesis with an enzyme which can undergo induction 
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in the absence of adrenal steroids. A well defined example of 
such an enzyme is tryptophan pyrrolase. Although this enzyme 
is capable of induction in response to hydrocortisone (12) it can 
also be induced in adrenalectomized animals injected with 
tryptophan (13). 

Because of the extremely variable results obtained, intact 
animals proved unsatisfactory for the study of 8-azaguanine 
inhibition of tryptophan pyrrolase induction. Certain animals 
treated with 8-azaguanine (100 mg per kg per day) for 1 day 
before testing showed little or no enzyme induction in response 
to tryptophan injection whereas in others a greater response was 
observed than was seen in the untreated controls. In intact 
animals treated with 8-azaguanine alone, large increases in 
tryptophan pyrrolase were often observed even when no trypto- 
phan was administered. These findings suggested that the 
injections of 8-azaguanine produced a nonspecific stress resulting 
in a stimulation of the pituitary-adrenal axis with subsequent 
induction of the enzyme by adrenal cortical influences. Other 
instances of this sort have been described (12-14) in which the 
nonspecific inductions could be abolished by adrenalectomy. In 
the adrenalectomized animals only tryptophan is capable of 
inducing the observed increases in enzymatic activity. For 
this reason we turned to adrenalectomized animals for further 
studies. 

In Table II are described experiments in which the effect of 
the administration of 8-azaguanine (100 mg per kg) on the in- 
duction of tryptophan pyrrolase in the livers of adrenalecto- 
mized rats was examined. A significant decrease in the degree 
of induction after the administration of tryptophan was ob- 
served when the adrenalectomized rats were treated for 1 day 
with 8-azaguanine. The activities measured in animals given 
8-azaguanine alone (Group 2) were not significantly different 
from those of the control animals (Group 1). 

Relation of Dosage of 8-Azaguanine to Degree of Inhibition of 
Induced Enzyme Synthesis—Fig. 1 shows the effects of the 8-aza- 
guanine dosages upon the degree of induction produced in he- 
patic glucose 6-phosphatase and tryptophan pyrrolase by ad- 
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Fic. la. Dose-response relationship of 8-azaguanine in inhibi- 
tion of hydrocortisone-induced increases in glucose 6-phosphatase 
activity (G-6-Pase). 8-Azaguanine was administered intraperi- 
toneally at the doses indicated every 12 hours beginning 24 hours 
before hydrocortisone treatment. Hydrocortisone was adminis- 
tered subcutaneously (5 mg per rat) every 12 hours for 48 hours, 
at the end of which time the animals were killed and the livers 
removed and assayed for glucose 6-phosphatase activity. Each 
point (@) represents the mean of two animals. The vertical lines 
depict the range of observations about each mean. 
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TRYPTOPHAN PYRROLASE ACTIVITY 


Fic. 1b. Relation of dose of 8-azaguanine to degree of inhibi- 
tion of L-tryptophan-induced tryptophan pyrrolase increases. 
8-Azaguanine was administered every 12 hours at the indicated 
doses for 1 day before the experiment. .t-Tryptophan (1 mmole/ 
100 g) was then injected intraperitoneally and the animals were 
killed 24 hours later and livers assayed for tryptophan pyrrolase 
activity. Each point (@) is the mean of two observations, the 
vertical lines representing the range. 


ministration of either hydrocortisone or tryptophan as in the 
experiments above. It is observed that a graded response oc- 
curred with both systems related to the dose of 8-azaguanine 
employed. 


DISCUSSION 


In earlier studies the methionine antagonist, ethionine, was 
shown capable of competitively inhibiting activity increases in 
the three hepatic enzymes examined in this report (11, 15, 16). 
In addition with tryptophan pyrrolase a preferential incorpora- 
tion of a labeled amino acid into the enzyme protein was ob- 
served after injection of the inducing agent, tryptophan (17). 
These findings and others (18) indicate that these enzymatic 
increases induced by the administration of hydrocortisone or 
tryptophan are brought about through the synthesis of new 
enzyme protein. The present findings suggest that 8-azagua- 
nine administration can block induced enzyme synthesis in rat 
livers as well as in microorganisms (1-4). However, the useful- 
ness of 8-azaguanine inhibition as a general criterion for the 
identification of inducible enzymes will be limited until its site 
of action can be located with precision. The possibility exists 
that 8-azaguanine may block the activation of a proenzyme 
rather than enzyme synthesis by interfering with other meta- 
bolic reactions such as phosphorylations, etc. 

The inhibitions of induced enzyme syntheses by ethionine 
may be successfully reversed by the natural amino acid methio- 
nine (11, 15, 16). Unfortunately satisfactory reversal experi- 
ments could not be performed for the 8-azaguanine inhibitions 
because of the insolubility and toxicity of the normal metabolites 
guanine and guanosine. The administration of guanine or 
guanosine to adrenalectomized rats in doses of 200 mg per kg or 
376 mg per kg, respectively (amounts giving a 2:1 molar ratio 
with 8-azaguanine) either caused the death of the rats before 
the end of the treatment period or produced a moribund state 
which precluded further study. This toxicity was also observed 
in adrenalectomized animals which received only guanine or 
guanosine. Thus it has not yet been possible to demonstrate 
the classical metabolite-antimetabolite relationship in this case 
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as was observed with 8-azaguanine and guanine in Tetrahymena 
(19). 

Evidence presented here and in studies by other workers indi- 
cates an effect of 8-azaguanine on protein synthesis without 
further elucidating the inhibitory mechanism. Several possible 
sites of action are suggested by current knowledge both of the 
process of protein synthesis, and of the physiological disposition 
of 8-azaguanine. It has been known for some time that 8-aza- 
guanine is incorporated in significant amounts into the RNA of 
both normal and neoplastic tissues (20-22). The recent studies 
showing a direct role for RNA in protein synthesis (23) make 
attractive the hypothesis that 8-azaguanine inhibits by forming 
a defective RNA which is partially or totally unable to carry on 
the functions normally assigned to it in protein synthesis. Per- 
haps as suggested by Chantrenne (4) protein synthesis proceeds 
at the expected rate but with the production of abnormal pro- 
teins. The recent finding of methylated guanine in transfer 
RNA (24) suggests a special role for guanine in RNA activity, 
a function which might be altered by the presence of an antago- 
nist such as 8-azaguanine. If it is found that purine and pyrimi- 
dine antimetabolites are capable of inhibiting protein synthesis 
through their incorporation into the transfer RNA or ribosomal 
RNA molecules they could provide a valuable biochemical tool 
for elucidating the significance of the nucleotide sequence in 
RNA function. 

The inhibition of protein synthesis by 8-azaguanine may 
occur at the nucleotide level by effects in the pathway of nucleic 
acid synthesis or by interfering with the metabolism or func- 
tions of nucleotide coenzymes such as GTP and ITP. Earlier 
studies in this laboratory (25, 26) have shown that 8-azaguanine 
can be converted by hepatic enzymes to mono- and polyphos- 
phate nucleosides including 8-azaguanosine 5’-triphosphate. An 
obvious possibility for the site of action of such an “unnatural” 
coenzyme is suggested by the demonstration that GTP plays a 
specific role in protein synthesis (27). Perhaps after incorpora- 
tion into an “unnatural’’ coenzyme, 8-azaguanine blocks protein 
synthesis by competing with the natural coenzyme, GTP, in the 
transfer of amino acids from the low molecular weight soluble 
RNA (transfer RNA) to the microsomal RNA. 

The possibility also exists that 8-azaguanine inhibits protein 
synthesis indirectly by an action at the nucleotide coenzyme 
level. For example, GTP has been shown to serve as a specific 
coenzyme for the phosphorylation reaction associated with a- 
ketoglutarate oxidation in the citric acid cycle (28) and also in 
the interconversion of oxaloacetate and phosphoenolpyruvate 
by phosphopyruvate carboxylase (29). Interference with the 
normal functioning of either of these reactions by an “unnatural’’ 
coenzyme could cause a profound metabolic impairment which 
might be reflected secondarily in an inhibition of protein synthe- 
sis. 

The present demonstration of inhibition of induced enzyme 
synthesis in liver by 8-azaguanine will permit a direct examina- 
tion of the various possibilities in a tissue wherein the detailed 
mechanisms of protein synthesis are perhaps best understood. 


SUMMARY 


An inhibitory effect of 8-azaguanine on the induction of he- 
patic glucose 6-phosphatase and fructose 1,6-diphosphatase by 
hydrocortisone has been demonstrated in the adrenalectomized 
rat. 


8-Azaguanine has also been shown to inhibit to a marked de- 
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gree the induction of tryptophan pyrrolase by L-tryptophan in 
the adrenalectomized rat. 

The inhibition of induced enzyme formation is considered to 
be indicative of an effect of 8-azaguanine on hepatic protein syn- 
thesis. 


o on aon > one 
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13. 
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There are two pathways for carbamyl phosphate’ biosynthesis. 
The one found in a number of microorganisms (1, 2) has been 
shown by Jones and Lipmann? to involve a direct phosphoryla- 
tion of carbamate by adenosine triphosphate (Equation 1). 


O 
A b, 4 (1) 
NH.COO- + ATP = NH2COPO;7 + ADP 
The reaction is endergonic,? requiring approximately 2 kilocal- 
ories per mole for carbamyl-P synthesis at the optimal pH of the 
reaction. 

The second mode of synthesis of carbamyl-P, found in extracts 
of mammalian and frog livers, requires 2 moles of ATP per mole 
of carbamyl-P formed (3) as well as a coenzyme, N-acetyl-1- 
glutamic acid! (Equation 2) (4). 





AGA I (2) 
NH,HCO; + 2ATP —---—= NH:COPO;~ + 2ADP + P; 


Resolution of the enzyme into two active fractions has not been 
achieved and no intermediate product has been isolated. The 
over-all reaction appears to be exergonic and only partially 
reversible (5, 6). The requirement for 2 moles of ATP would 
appear to preclude the direct participation of carbamate in this 
reaction. The enzyme catalyzing this latter reaction has been 
named carbamyl phosphate synthetase (3). 

Two recent studies (7, 8) with H,O" and carbamyl-P synthe- 
tase at pH 8.0 have demonstrated that 1 atom of O" appears in 
(a) the orthophosphate liberated (Equation 2), and (b) in the 
orthophosphate residue of the carbamyl-P formed. 

Since a direct participation of water in this reaction would not 
allow the accumulation of energy-rich intermediates, such as 
carbamyl-P, it seemed likely that the observed incorporation 
occurred indirectly from H,O" through equilibration with one of 
the substrates of the reaction, the most likely substrate being 
carbonate. In this paper we report studies with H,O" and 
KHCO;'* that support this hypothesis. In addition, studies 


* This investigation was supported in part by research grants 
from the National Cancer Institute, United States Public Health 
Service (C-3658), the National Science Foundation, and the Amer- 
ican Cancer Society. This is Publication No. 57 of the Graduate 
Department of Biochemistry, Brandeis University, and Publica- 
tion No. 1012 of the Cancer Commission of Harvard University. 

+ Scholar in Cancer Research of the American Cancer Society. 

1 The abbreviations used are: carbamy] phosphate, carbamy!-P; 
N-acetyl-t-glutamate, AGA. 

2M. E. Jones and F. Lipmann, in preparation. 


with O"*-labeled AGA are included, and a mechanism for car- 
bamyl-P synthesis is presented. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


ATP, t-ornithine hydrochloride, AGA, GSH, and the various 
inorganic buffer salts were all commercial preparations of the 
best purity available. H,O"* was obtained from the Weizmann 
Institute of Science, Rehovoth, Israel. For orthophosphate 
analysis a modification of the method of Fiske-SubbaRow (9) 
was used in which the reducing agent was a 1.0% solution (weight 
per volume) of mono-methyl-p-aminophenol sulfate (Elon, East- 
man Kodak Company) in 3% NaHSOs, rather than the usual 
1-amino-2-naphthol-4-sulfonic acid. This aminophenol solution 
was added as 0.1 of the final volume. Citrulline was estimated 
by a modification of the method of Archibald (10); the color was 
allowed to develop for 30 minutes at 100°. Since GSH lowers 
the color yield obtained with a standard amount of citrulline, 
the standards must have an aliquot of the reaction mixture con- 
taining no enzyme and equal in volume to the samples. 

Potassium carbonate-bicarbonate enriched with O* was pre- 
pared by dissolving 0.5 g of KHCO; and 0.64 g of K,CO; in 5.0 
g of H,O* containing 13.03% of O'* (supplier’s analysis). This 
solution was allowed to stand at room temperature for 2 weeks. 
The water was distilled off and the residue thoroughly dried over 
P.O; under vacuum. The product was analyzed for O¥ by 
releasing CO. from the bicarbonate in 2 N acetic acid. After 
placing the solid and the acetic acid in separate arms of the 
Rittenberg tube (11), the acetic acid was frozen in a Dry Ice- 
acetone bath. The tube was then attached to the evacuation 
train described by Williams and Hager (12). After the train 
was evacuated the tube was closed off, and the acetic acid melted. 
On reopening the tube, the acid and bicarbonate were mixed, 
and the gas evolved in the first 2 seconds was collected for analy- 
sis. 

Orthophosphate was isolated from the boiled, filtered, reaction 
mixture by placing it on a Dowex 1-X8 (200 to 400 mesh) chlo- 
ride column (13). The column was then washed with a volume 
of normal water at least 10 times that of the reaction mixture to 
insure removal of all H,O'%. The phosphate (together with 
AMP) was eluted with 0.01 n HCl. Fractions (25 ml) were 
collected and those containing more than 5 ywmoles of phosphate 
were combined and adjusted to pH 4.4 with KOH. The com- 
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bined eluates were then passed through a Norit A column to 
remove all material absorbing at 260 my. If necessary, the 
charcoal eluate was adjusted to pH 4.4 and then lyophilized, 
The lyophilized residue was completely dissolved in 6 ml of 
water, filtered to obtain a clear solution, and 26 ml of ice-cold 
absolute ethanol added. After 30 minutes at 0°, the precipitate 
was collected by filtration and dried over P.O;. The product 
from this procedure, KH2PO,, was at least 97% pure if there was 
at least 150 umoles of phosphate in the lyophilized residue. O”% 
analyses were carried out as described by Williams and Hager 
(12). 

AGA, enriched with O" in the acetyl oxygen, was prepared 
from O-enriched acetic anhydride and .t-glutamic acid using 
the conditions described by Nicolet (14). The acetic anhydride 
was prepared from H,O* (62.65 atom % excess) and normal 
acetic anhydride by a modification of the method of Orshansky 
and Bograchov (15). The product had a melting point of 189- 
191° and contained 16.59 atom % excess O"* in the acetyl oxygen 
atom. 

AGA was isolated from the incubation mixture by a purely 
chemical procedure.* The crystalline product was obtained in 
30% yield and had a melting point of 191.0-192.5° (mixed 
melting point with pure AGA, unchanged). 

For 0" analysis a modification of the Rittenberg and Ponti- 
corvo procedure (16) was used. Complete oxidation of the 
acetyl group required heating at 800-900° for 3 hours in Vycor 
tubes. 

All samples of O8-enriched CO: were analyzed in a Consoli- 
dated Mass Spectrometer, Type 21-103C, which was kindly 
made available to us by the Chemistry Department of Harvard 
University. 

The enzyme preparation used for these studies was an extract 
of frog liver mitochondria which contained both carbamyl-P 
synthetase and ornithine transcarbamylase. Fresh livers of 
Rana catesbiana‘ (Louisiana Frog Company, Rayne, Louisiana) 
were placed in ice-cold 0.25 m sucrose, blotted to remove excess 
blood, minced, and homogenized in a Waring Blendor with 9 
volumes of fresh 0.25 m sucrose for 45 seconds. The homogenate 
was filtered through cheesecloth and centrifuged at 3000 x g in 
a Lourdes or Servall refrigerated centrifuge for 20 minutes. The 
supernatant solution was carefully decanted so as to leave the 
fluffy material behind with the hard, packed residue. Excess 
fat on the walls of the tubes was removed. The residue was 
resuspended in 0.25 M sucrose to give a volume equal to one- 
third of the original volume by homogenizing in a Waring Blendor 
for 15 seconds. The residue was centrifuged at 20,000 x g for 
20 minutes. One hundred grams of liver yielded approximately 
7 pellets. This residue was frozen (—20°) for at least one night 
before extraction. Extracts of undiminished activity have been 
obtained from pellets kept at —20° for 1 year. 

Two thawed pellets were extracted in a Ten-Brock homoge- 
nizer with 5 ml of 10-* m GSH, pH 7.5. The suspension was 
centrifuged for 30 minutes in a Spinco preparative centrifuge at 
100,000 x g. The supernatant solution was the enzyme prep- 
aration used in this study; it contained (per ml) approximately 
20 to 24 mg of protein, 650 units of carbamyl-P synthetase activ- 


3 L. Spector and M. E. Jones, in 8. Colowick and N. O. Kaplan 
(Editors) Methods in Enzymology, Vol. VI, Academic Press, New 
York, in preparation. 

4 Rana pipiens is as good a source. 
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ity, and 1000 units of ornithine transcarbamylase activity. This 
extract was stable for several months if kept frozen at —20°. 

Carbamyl-P synthetase activity was estimated by incubating 
a suitable aliquot of the above extract (1 unit or less) in 0.5 ml 
total volume at 37° for 30 minutes with the following substrates 
(in wmoles): ATP, 10, pH 7.5; MgCh, 10; GSH, 8, pH 7.5; 
NH.Cl, 10; KHCO;, 20; AGA, 5, pH 7.5; and Tris buffer, 50, 
pH 8.0. Two tubes were used for each assay, one with and one 
without AGA. At the end of the incubation, 1 ml of 5% trichlo- 
roacetic acid was added. After removal of denatured protein by 
centrifugation, a 0.5-ml aliquot was treated for 10 minutes at 
room temperature in a 10-ml volumetric tube with 0.2 ml of 2 
Nn KOH to hydrolyze carbamyl]-P to orthophosphate. The re- 
agents for the phosphate determination were added and ortho- 
phosphate analysis was carried out as usual. The amount of 
enzyme necessary to form 1 umole of net phosphate (sum of 
orthophosphate and carbamyl-P) under these conditions is de- 
fined as one unit of activity.° In other words, the net phosphate 
represents AGA-dependent phosphate formation. 

Ornithine transcarbamylase activity was determined by incu- 
bating a suitable aliquot of the extract in 0.5 ml total volume at 
37° for 15 minutes with 5 wmoles of dilithium carbamyl-P, 5 
pmoles of L-ornithine hydrochloride, and 50 umoles of Tris buffer, 
pH 8.5. At the end of the incubation, 1 ml of 5% trichloroacetic 
acid was added and 0.5 ml of the mixture was analyzed for 
citrulline. One unit of enzyme activity is defined as that amount 
of enzyme which will synthesize 1.0 wmole of citrulline in 30 
minutes. The assay is linear with enzyme concentration as long 
as no more than 1.5 uwmoles of citrulline are formed. For most 
of the O studies the only ornithine transcarbamylase present 
was that already in the frog extract. 


» Experimental Design 


In the experiments with H,O" reported previously, two differ- 
ent experimental designs were used. Reichard (7) isolated 
separately the orthophosphate and carbamyl-P formed by the 
reaction shown in Equation 2. He showed, within experimental 
error, that the orthophosphate and orthophosphate residue of 
carbamyl-P each contained 1 atom of O8 per mole of phosphate.® 
Metzenberg et al. (8) did not isolate the orthophosphate and 
carbamyl-P separately, but instead incubated all components 
required for carbamyl-P synthesis in the presence of sufficient 
ornithine and ornithine transcarbamylase. In this way, for each 
mole of carbamyl-P formed, according to Equation 2, 1 mole of 
citrulline and two moles of orthophosphate were produced (sum 
of Equations 2 and 3). 


O O 
| 
wH.coro,- + NH:R = NH.C—NHR + HOPO;- _ (3) 
{[R = —(CH:2);—-CHNH.—COOH] 


It should be noted that in Equation 3 the cleavage of car- 
bamyl-P occurs between the carbon and oxygen atoms. The 
results of Metzenberg et al. are identical to those of Reichard in 
that each mole of orthophosphate contained 1 atom of O. 


5 If excess ornithine and ornithine transcarbamylase were added 
to the incubation mixture the citrulline formed was equal to one- 
half of this phosphate value. 

6 Both base hydrolysis and enzymatic release of orthophosphate 
via ornithine transcarbamylase leads to cleavage of the C—O—P 
group between the carbon and the oxygen. 
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In the experiments reported in this paper citrulline was formed, 
so that the orthophosphate isolated for O"* analysis is derived 
equally from orthophosphate and the orthophosphate residue of 
carbamyl-P (Equations 2 and 3). This experimental design 
was used for both the H,O" and the KHCO;' experiments. 


RESULTS 


The equilibration of the oxygen atoms of carbon dioxide, and 
the various species of carbonate, with water below pH 8 occurs 
mainly through the reversible hydration of CO. (Equation 4). 


CO. + H.O = H.CO; (4) 
CO, + OH- = HCO;- (5) 


Above pH 10 there is a slow, base-catalyzed, bimolecular reac- 
tion (Equation 5), and between pH 8 and 10 both reactions occur 
simultaneously. Since the amount of CO: present in a carbonate 
solution is an inverse function of pH, it is possible by raising the 
pH to lengthen the time required for complete equilibration of 
the 3 oxygen atoms of the carbonate (17). The rate of exchange 
is also diminished by lowering the temperature. On the other 
hand, the addition of carbonic anhydrase, which catalyzes Reac- 
tion (4), would be expected to increase the rate of exchange. 

Table I shows the amount of O"* appearing in the 2. molecules 
of orthophosphate produced during citrulline synthesis at pH 8 
and pH 8.9. Experiment I is essentially a repetition of the 
earlier experiments of Metzenberg et al. (8) and of Reichard (7). 
It shows that at pH 8.0, each mole of phosphate produced con- 
tained 0.94 atom of O'8 derived from HO". No O'8 was present 
in ADP. In Experiment II the conditions were changed to 
raise the pH, lower the temperature, and shorten the incubation 
period. Vessels A and B, moreover, contained carbonic anhy- 
drase, with Vessel B containing in addition an excess of the car- 
bonic anhydrase inhibitor, Diamox.’ It is clear from this exper- 
iment that, when exchange between water and bicarbonate is 
uninhibited (IIA), the appearance of label in the orthophosphate 
is complete; and, conversely, when the exchange between water 
and bicarbonate is inhibited (IIB), then the labeling of ortho- 
phosphate is minimal. These facts imply that H,O" is not the 
immediate donor of O to orthophosphate or the phosphate 
residue of carbamyl-P, but rather that these were derived from 
bicarbonate. 

The experiments of Table II, performed under conditions 
where the exchange between H.O and bicarbonate is minimal, 
were designed to test this last suggestion directly. Here the O% 
was present initially in the bicarbonate and each mole of phos- 
phate contained 0.86 atom of O'8 (see footnote (e) to Table II). 
All experiments are therefore consistent with the view that 
irrespective of whether the label was initially in H,O or carbon- 
ate, the direct agent for transferring the label to phosphate was 
indeed carbonate. 

In Experiment 2B of Table II, ATP was replaced by ortho- 
phosphate to insure that no unexpected exchange between ortho- 
phosphate and carbonate occurred under these conditions. The 
0 content of the phosphate here was negligible. 

Pertinent to this discussion are some studies made with heavily 
enriched O18-N-acetylglutamate. The label, 16.59 atom % 
excess, was present in the carbonyl oxygen of the acetyl residue. 


7 Diamox (2 acetylamino-1 ,3,4-thiadiazole-5-sulfonamide, Led- 
erle Laboratories) is a potent carbonic anhydrase inhibitor (18). 
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TaBLe I 
Incorporation of O'* into phosphate from H0"* 

The final substrate concentrations, in wmoles per ml, were the 
same for Experiments I and II: ATP, 20; MgCl, 20; GSH, 10; 
AGA, 1; ammonium chloride, 20; L-ornithine, 20; KHCOs, 20; 
Tris, 100; glycine, 100. All reagents except the bicarbonate and 
AGA were weighed into appropriate tubes or flasks, dissolved in 
H,0'8, and adjusted to the desired pH. Solid KHCO; was added 
just before incubation (this addition did not affect the pH) and 
was followed immediately by the addition of enzyme. In Experi- 
ment I, the enzyme concentration was 20 units per ml or 200 units 
for the 10-ml reaction mixture. In Experiment II more enzyme was 
necessary, because of the lower incubation temperature and higher 
pH, so that 70 units per ml were used or 1400 units for the 20-ml 
reaction mixture. Vessel IIA contained 0.3 mg of crystalline 
carbonic anhydrase (gift of Mr. Arlan Roberts, Rohrig Company, 
Chicago, Illinois). Vessel IIB contained 0.3 mg of crystalline 
carbonic anhydrase and 10 mg of the carbonic anhydrase inhibitor, 
Diamox.? Samples were taken at zero and final times and depro- 
teinized for phosphate and citrulline determinations. The re 
mainder of the reaction mixture was boiled for 3 minutes at 100° 
and the phosphate isolated as described in the methods section . 





Atom % excess 08 Products (umoles) 
Conditions R,° R:@ 


H:0 sw Net Pj° | Citrulline 


Experi- 
ment 








Ie | pH 8.0, 37°, | 3.20 | 3.01 | 0.94] 152 65.6 | 2.32 
60 min 


IIA | pH 8.9, 30°, 
IIB | 30 min 


0.818 | 0.786 | 0.96 | 218 91.0 | 2.40 


0.160 | 0.20 | 207 88.0 | 2.34 


























* Atom % excess observed multiplied by 


umoles total phosphate 
4X : 
pmoles net phosphate 





> R, = atoms of O'* per mole Pj = atom % excess O'8 in P; per 
atom % excess O!8 in HO. 

¢ Net phosphate = total P; — Pjat zerotime. In Experiments 
I, IIA, and IIB, zero time values were 9, 17, and 17, respectively, 
and final time values were 161, 235, and 224, respectively. 

4Re = ratio of net P; to citrulline. 

¢ The terminal phosphate of ADP contained no 01%, ADP was 
eluted from the Dowex column after P; with 0.01 n HCl-0.02 n 
NaCl, the appropriate eluates lyophilized, and the residue incu- 
bated at 37° for 70 minutes with 29 mg of potato apyrase to release 
the terminal phosphate as orthophosphate (24). After heating at 
100° for 3 minutes, the protein was removed by filtration. The 
supernatant solution was adjusted to pH 4.4, put over a charcoal 
column, and the orthophosphate isolated as described in the sec- 
tion on ‘‘Materials and Methods.’’ 


In an earlier experiment a 15% loss of this O*-atom was reported 
(19). This experiment was in error, however, due to technical 
difficulties. As shown in Table III, there is no loss of the 0" 
from AGA during citrulline synthesis. With the high degree of 
labeling of the AGA and the fact that the analytical method used 
involved no dilution of the label and gave good precision ( +0.025 
atom % excess), it should have been possible to detect with ease 
a loss of O"* even if only 1% of the added AGA (i.e. 2 umoles) 
participated in the reaction. It would appear, therefore, that 
the acetyl oxygen atom is not esterified during citrulline synthe- 
sis; or, if it is, the esterifying group is subsequently released 
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without displacing the oxygen atom. Reichard (7) has clearly 
demonstrated that the a-.and y-carboxyl oxygens of the glutamyl 
residue are also not displaced. Metzenberg et al. (8), in their 
less sensitive experiments with H.O, have also concluded that 
none of the oxygen atoms of AGA are exchanged during the 
reaction. 


TaBLe II 
Incorporation of O'8 into phosphate from KH CO;'*%at pH 9.0 


The KHCO;'§ added to each vessel contained 12.4 atom % excess 
O'*. Vessels 1 and 2A contained (in wmoles per ml): ATP, 20; 
MgCl., 20; GSH, 10; AGA, 2; NH,Cl, 20; t-ornithine, 20; Tris, 
100; glycine, 100. These substrates were weighed into each vessel, 
dissolved to 20 ml (i.e. one-half their final volume) with CO.-free 
water, and adjusted with CO.-free KOH to pH 9.0. Just before 
incubation for 15 minutes at 30°, the appropriate amount of solid 
KHCO,;'8-K,CO;}* was added to give 20 uzmoles per ml in Vessel 1 
and 10 wmoles per ml in Vessel 2A. This was followed imme- 
diately by sufficient frog extract to give 70 units per ml and CO,- 
free water to make the total volume 40 ml. Vessels were incu- 
bated for 15 minutes at 30°. Aliquots were taken at zero and 15 
minutes and treated with trichloroacetic acid before orthophos- 
phate and citrulline analysis. The remainder of the incubation 
mixture was heated for 3 minutes at 100° to stop the reaction, and 
phosphate was isolated as described in the methods section. 

Vessel 2B contained ‘all additions made to Vessel 2A except 
NH.,Cl and ATP. Orthophosphate (194 umoles) was added. Am- 
monia had to be omitted or the phosphate precipitated as the 
magnesium ammonium salt. Even with the omission of ammonia, 
only 41 umoles of phosphate was in solution during incubation. 
The figure for O'8 excess given in Table II is atom % excess ob- 
served X (4 X 194/41) which would be a maximal figure since it is 
incorrect to assume that only phosphate in solution can exchange. 

















Atom % excess O18 Products (umoles) 
Experiment 
Pi (final)* Ri? Net P;° Citrulline R:# 
1 10.67 0.86 261 93.7 2.78 
2A 10.27¢ 0.83 180 71.7 2.51 
2B < 0.030 <0.002 Repeay — — 





@ Same calculation as in Table I, footnote a. 

’R, = atom of O"8 per mole P; = atom % excess O!8 in final P; 
per atom % excess O18 in KHCO;. 

¢ Net phosphate is calculated as in footnote c, Table I. In 
Experiments 1 and 2A, the zéro time values were 41 and 22 umoles, 
respectively, and the 15-minute values were 302 and 202. In 
Experiment 2B (see legend) no citrulline was formed so that 
initial P; = final P;. 

4Re = ratio of net P; to citrulline. 

¢ In a control experiment without enzyme, the O'* in carbonate, 
recovered as a barium precipitate, had 10.42 atom % excess. If 
one assumes that the loss of O!8 from bicarbonate is a linear func- 
tion of time, then the average O'* concentration of the bicarbonate 
would be 11.4 atom % excess. The isolated phosphate would then 
have 0.91 atom O"8 per mole of phosphate instead of 0.83 as shown 
in the table. Loss of O'* from bicarbonate is exponential, not 
linear, so the average value would be somewhat lower than 11.4 
and O'8 per mole phosphate would be even higher than 0.91. Be- 
sides being a measure of the background exchange between water 
and bicarbonate during the incubation period, the figure, 10.42 
atom % excess, would include any dilution from endogenous 
carbonate in the reaction medium. 


Carbonate in the Biosynthesis of Carbamyl Phosphate 


Vol. 235, No. 10 


TaBLeE III 


Experiments with acetyl glutamate labeled with O'8 in the 
acetyl group 

The complete reaction mixture consisted of 300 ml containing 
(in pmoles per ml): ATP, 10; MgCle, 10; NH,Cl, 10; GSH, 3.3; L- 
ornithine, 10; KHCO;, 40; AGA-O!8, 0.6 (38 mg of crystalline AGA 
containing 16.59 atom % excess) ; sufficient frog enzyme to give 11 
units per ml and 0.03 ml of a heated (3 minutes at 80°), dialyzed, 
Streptococcus faecalis R extract ,? which is a rich source of ornithine 
transcarbamylase activity (13,000 units per ml). The vessels 
were incubated for 30 minutes at 37° at which time samples were 
taken and treated with 2 volumes of 5% trichloroacetic acid before 
phosphate and citrulline analysis. The remainder (293 ml) was 
added to 1700 ml of absolute ethanol. AGA was isolated from 
this ethanol solution as a crystalline product, m.p. 191-192.5°. 








System Atom % excess in AGA* 
a hd oink th Bes ean 16.61% 
| cS pn EE CREE ee EL CRORE Fn er 16.56¢ 








* Atom % excess O!8 = 5 X atom % excess observed in CO:. 

>In this vessel, 218.5 wmoles of citrulline and 505 umoles of 
orthophosphate were produced. In a similar vessel, containing 
no acetyl glutamate, no citrulline was formed but 67 umoles of 
orthophosphate were released during the 30-minute incubation. 

¢ In this vessel no citrulline and 9.5 pmoles of orthophosphate 
were produced during the 30-minute incubation. 


DISCUSSION 


These tracer experiments demonstrate that during the en- 
zymatic synthesis of citrulline; 1 oxygen atom is transferred 
from carbonate to each of 2 orthophosphate molecules. One of 
these transfers is known to result from the cleavage of carbamyl-P 
between the carbon and oxygen atoms during the carbamylation 
of ornithine. The reaction in which the other transfer occurs is 
at some earlier stage in the synthesis of carbamyl]-P. 

Two mechanisms have been proposed for the two ATP-re- 
quiring steps in carbamyl-P synthesis on the basis of indirect 
evidence. That of Metzenberg et al. (6), given in Equations 6 
and 7 below, left the exact role of AGA unspecified, but proposed 
some derivative of CO2 as intermediate. 


AGA 
ATP + CO. ————> ADP + Pj + “active CO.” (6) 


O 
ADP + nu,Coro,- 


We have already proposed (5, 19) that an active carbonic acid 
derivative is formed with AGA. The active group in AGA is 
believed to be the secondary amide and the carbonic acid deriva- 
tive would have one of the following formulas: 





ATP + “active CO.” + NH; 





O- COO- O- COoOoO- 
i sodas fore 
| CH: or é H, 


O 
cu,—b_n— ‘1H cn,—¢—n—bu 
boo- boo- 


This formulation is similar to that of the carboxy-derivative of 
biotin isolated by Lynen et al. (20) in their studies of 8-methyl- 
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crotonyl-CoA-carboxylase. Thus the reaction mechanism for 
the synthesis of carbamyl-P can be schematically represented by 
Equations 8 and 9. 


ATP + HOCO. + AGA — ADP + Pi + AGA,-COs- (8) 
I 
AGA—CO,- + ATP + NH; = nu.GoPo,- + ADP + AGA 


Studies now being carried out with C-bicarbonate, suggest the 
existence of a carbonic acid derivative of AGA’ If such an 
intermediate does in fact exist then the present O' isotopic data 
are consistent with the expansion of Equation 8 into the following 
two steps: 


O 
ATP + HOCO; — ADP + -ob—o—bo- (8a) 


O Oo oO. Oo 
-o—b_o—bo- + AGA— aca—bo- + Hobo- (8b) 


Whether carboxyl phosphate, formed in Reaction (8a), is capable 
of independent existence or not remains to be seen.’ It has 
been suggested as an intermediate in two other studies (21, 22) 
in which fluoride or hydroxylamine caused orthophosphate 
release from ATP in the presence of bicarbonate. Both of these 
agents, as will be reported in a separate paper, also decrease 
carbamyl-P synthesis, but the conditions of inhibition are con- 
siderably different and pyruvic kinase does not appear to be a 
factor. 

Equation 9 can then be split into two steps; (9a) represents 
the phosphorylation of the carbonic acid derivative of AGA, and 
(9b) the ammonolysis of this energy-rich compound by ammonia. 


‘ I (9a) 
AGA—CO- + ATP = AGA— Zuhal + ADP 


i i (9b) 
AGA—COPO;- + NH; = NH:COPO;" + AGA 

This scheme is consistent with the catalytic nature of AGA in 
carbamyl-P synthesis (23) and might well explain the greater 
efficiency of this mechanism in comparison to that found in 
microorganisms (Equation 1) for fixing ammonia and bicarbon- 
ate into carbamyl-P.? 


SUMMARY 


1. During the synthesis of citrulline with extracts of frog liver 
containing carbamyl phosphate synthetase and ornithine trans- 
carbamylase in H,O", the 2 moles of inorganic phosphate formed 
were each found to contain 1 atom of O when the incubation 
was carried out at pH 8.0. At pH 8.9, however, the phosphate 
formed contained only 0.20 atom of 0", unless carbonic anhy- 


8 M. Grassl and M. E. Jones, unpublished experiments. 

® The possibility is not excluded that an indirect transfer of 
oxygen from carbonate to orthophosphate occurs by way of an 
oxygen function on the enzyme. 
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drase had been added. In the presence of carbonic anhydrase 
the incorporation of O"8 at pH 8.9 was once v4 nearly 1 atom 
of O8 per mole of phosphate. « |: 

2. At pH 9.0, with O in the MUSEU the incorporation of 
nearly 1 atom of O"* into the phosphate formed during citrulline 
synthesis was observed. 


3. These two experiments indicate that the incorporation of 


O# into phosphate from H.O"* occurs only through equilibration 
of water with bicarbonate. 

4. When N-acetyl-1-glutamate, labeled with O"8 in the acetyl 
oxygen, was incubated as usual for the synthesis of citrulline, 
the O"8 concentration was unchanged in the acetyl glutamate 


recovered at the end of the experiment, indicating that no net 
loss of O"8 had occurred. 


5. A speculative reaction sequence for the synthesis of .car- 
bamy] phosphate is presented. It is consistent with the isotopic 
data and provides for the catalytic function of N meth aes 
tamate as a CO: carrier. 


Acknowledgment—The authors are grateful to Mrs. C. Ander- 
son for her excellent technical assistance. 
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Microbial growth has been shown, in many instances to be 
dependent upon the uptake of metabolites from the culture me- 
dium into the cell (1, 2). The formation of the essential “up- 
take systems”’ appears not only to be under genetic control but, 
in some cases, to be an inducible capacity of the organism (1, 2). 
This communication is concerned with the uptake of metabolites 
by two amino acid auxotrophs of Escherichia coli K-12: strain 
S/G, which responds equally well to L-serine and to glycine, and 
strain S, which first was believed to respond only to L-serine 
(3, 4). Subsequent experiments showed strain S to be capable 
of growth on glycine after prolonged lag periods (5), and sug- 
gested that it has the characteristics of a “cryptic mutant” (1) 
(i.e. a mutant apparently unable to utilize an exogenous substrate 
due to a faulty “uptake mechanism” but possessing the enzymes 
necessary for the endogenous metabolism of the substrate). 

Strain S also was found to grow readily on a variety of glycine- 
containing peptides. Its growth response to such peptides, un- 
like that to free glycine, was not inducible (5). However, the 
main difference between the utilization of free glycine and of a 
peptide such as glycylglycine under the usual conditions of 
growth tests appeared to be the relatively faster growth rate 
permitted by the dipeptide. 

A comparison of the amino acid and peptide metabolism of 
strains S and S/G led to the hypothesis that both auxotrophs 
can interconvert endogenous serine and glycine and that strain 
8, but not strain S/G, is deficient in the mechanism by which 
free glycine is taken up from the culture fluid (5). In an attempt 
to provide direct proof for this hypothesis, a study has been made 
of the ability of each strain to take up C-labeled glycine and 
glycylglycine from the medium under a variety of environmental 
conditions. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Test compounds—Glycine-1 ,2-C", t-serine-1 ,2,3-C™, and DL- 
leucine-1-C" (all products of Nuclear-Chicago Corporation) were 
diluted with the corresponding unlabeled amino acids to the spe- 
cific activities indicated for each experiment. Glycylglycine 
labeled in the C-terminal residue was prepared (6) from carbo- 
benzoxyglycine (7) and the ethyl ester hydrochloride of glycine- 
1,2-C", and the dipeptide labeled in the N-terminal residue was 


* This study was supported by a research grant (G-7586) from 
the National Science Foundation. 

t National Science Foundation Summer Graduate Teaching 
Assistantship Fellow, 1959; Predoctoral Research Fellow (EF- 
8532) of the National Institute of Allergy and Infectious Diseases, 
United States Public Health Service, 1959 to 1960. 


prepared (8) from carbobenzoxyglycine-1 ,2-C™ and glycine ethyl] 
ester hydrochloride. The labeled peptides were diluted with 
unlabeled glycylglycine as required. 

The authors are greatly indebted to Dr. Joseph S. Fruton for 
the unlabeled peptide and amino acids and to Dr. Charles E. 
Carter for the chloramphenicol used in these experiments. 

Preparation of Cells—Strains S and S/G (3) were grown in 
200 ml of the basal medium (a mixture of inorganic salts, L- 
asparagine, and glucose (3, 9)) supplemented with L-serine at an 
initial concentration of 30 mm. This concentration of serine is 
not growth-limiting for either strain, and was used in order to 
obtain a large number of cells which were in the logarithmic 
phase of the growth cycle and which would be as free a8 possible 
of any inducible capacity to metabolize an exogenous supply of 
glycine or glycine peptides. 

The 200 ml of medium were inoculated with approximately 
10’ cells (taken from a 24-hour slant of “complete agar” (10), 
and were incubated on a shaker at 33° until the absorbancy of 
the culture (measured in an Evelyn colorimeter, filter No. 540) 
reached about 0.27. Maximal growth of each strain in such a 
medium is characterized by an absorbancy of about 0.70. 

The cells were harvested by centrifugation in the cold; the 
centrifuge tube was rinsed out several times with distilled water 
without disturbing the packed cells; and the cells were resus- 
pended in sufficient cold basal medium to provide a suspension 
with an absorbancy of 0.21, corresponding to a concentration, 
per ml, of 0.21 mg of dry weight of cells (0.024 mg of bacterial 
nitrogen determined by micro-Kjeldahl analysis). When the 
subsequent accumulation or growth studies were to be done in 
a medium containing chloramphenicol, that compound was in- 
cluded in the basal medium (5 ug per ml) used to resuspend the 
centrifuged cells. For accumulation or growth experiments in 
a medium devoid of glucose, the centrifuged cells were resus- 
pended in a glucose-free basal medium. 

Accumulation and Growth Experiments—After the freshly pre- 
pared suspension of cells in the cold basal medium had been 
shaken at 33° for 30 minutes, 10-ml portions of the suspension 
were added to Evelyn colorimeter tubes containing the test com- 
pound in 0.2 ml of water and the incubation was continued. In 
the accumulation experiments with isotopic compounds, 1-ml 
samples of the incubation mixture were removed at the desired 
times; the cells were separated from the culture fluid by filtra- 
tion through Millipore filters (type PH) (11), and the filters were 
placed in holders (12) and dried overnight in a vacuum over 
P.O;; and the C™ content of the cells on the filters was determined 
in a windowless gas flow counter in the Geiger region. In each 
isotope experiment, immediately after the addition of a labeled 
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compound to the cell suspension, a 1-ml sample was taken for 
isotope analysis. The radioactivity of such “zero-minute” sam- 
ples was about 2% of the radioactivity of 1 ml of medium, and 
represents the contamination by medium adhering to the cells 
and to the filter itself. To estimate the actual C™ content of 
cells collected at any specified time, the observed radioactivity 
of the cells on the filter was corrected by subtraction of the ‘“‘zero- 
minute value.” The isotope content of replicate samples from 
cultures containing labeled glycine or labeled glycylglycine was 
reproducible to within 6%. The standard deviation associated 
with the radioactivity determinations on these samples was 3.5%. 

For reasons to be discussed in a subsequent section, the isotope 
content of cells harvested from media containing glycine-1 ,2-C™ 
was calculated in terms of mumoles (myug-atoms) of glycine-car- 
bon (i.e. 2 X ¢.p.m. in cells divided by c.p.m. per mumole of the 
labeled glycine used), and that of cells exposed to a labeled gly- 
cylglycine in terms of mumoles of peptide-carbon (i.e. 4 X c¢.p.m. 
in cells divided by ¢.p.m. per mumole of C-terminal or N-terminal 
labeled glycylglycine). 

The growth, 7.e. the absorbancy changes, of cell suspensions 
supplemented with labeled or unlabeled test compounds was fol- 
lowed in the Evelyn colorimeter. In growth experiments, in 
which the amino acids and peptide were unlabeled, absorbancy 
determinations were made at intervals of 10 to 20 minutes for 
3 to 4 hours. In accumulation experiments with isotopic com- 
pounds, similar determinations could be made only during the 
first 30 to 60 minutes, depending on the volume of the incubation 
mixture that remained after the removal of the 1-ml samples for 
isotope analyses. 

Each set of experiments included one incubation mixture con- 
sisting of a cell suspension devoid of any potential growth factor. 
This tube served both as a control for the absorbancy changes 
of culture in the unsupplemented basal medium and as a check 
on the “stability” of the auxotroph under study. 

Cell Fractionations—In a few accumulation experiments, cells 
were collected by centrifugation and fractionated by the method 
of Roberts et al. (13) into the constituents extractable by cold 
trichloroacetic acid, by 75% ethanol (pH 3.0), by a 75% ethanol- 
ether mixture (1:1), by hot trichloroacetic acid, and the residual 
insoluble “proteins.” These fractionations were done on samples 
equivalent to 3 to 5 mg of dry weight of cells, and the procedure 
of Roberts et al. was modified so that trichloroacetic acid extracts 
were extracted with ether (to remove the trichloroacetic acid) 
before the solutions were plated on steel planchets, dried, and 
counted. 

In other accumulation experiments, whole cells were treated 
either with cold trichloroacetic acid to precipitate “proteins plus 
nucleic acids” or with hot trichloroacetate to precipitate ‘“pro- 
teins.” In this procedure, 1-ml samples of the incubation mix- 
ture were added to 5 ml of a 6% trichloroacetic acid solution and 
the acidified mixture was allowed to stand at either 0° or 100° 
for 30 minutes. Portions of the resulting suspensions were 
passed through Millipore filters; the precipitates on the filters 
were washed 3 times with water; and the filters then were dried 
and counted. 


Growth Experiments 


None of the earlier work (3-5) with strains S/G and § had 
been done with the large inocula necessary for accumulation ex- 
periments. Consequently, all experiments to determine the rela- 
tive abilities of strains S and 8/G to take up C-labeled com- 
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Fic. 1. Representative growth curves for (A) strain S/G and 
(B) strain S in media containing glycine (solid lines) or glycyl- 
glycine (dash lines). The initial concentration (mm) of test com- 
pound is indicated for each curve. 
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Fig. 2. Growth curves for strain S/G (solid lines) and strain S 
(dash lines) in media containing 0.3 mm glycine (GLY), 0.3 mm 
L-serine (SER), or a mixture of 0.3 mm glycine plus 0.3 mm L- 
serine (MIX). The test compound used is indicated for each 
curve. 


240 


pounds were preceded by growth tests with unlabeled compounds 
under the same conditions that were to be used in the isotope 
experiments. As may be seen from the growth curves shown in 
Fig. 1, the auxotrophs behave in a manner similar to that de- 
scribed previously (3-5) when much smaller inocula were used. 
Thus, the initial growth of strain 8/G occurs at approximately 
the same rate in the presence of 0.3 to 6.0 mm glycine, and the 
initial growth of strain S in the presence of glycine is markedly 
slow at 0.3 mm level (see also Fig. 2), becomes increasingly fast 
as the glycine concentration is raised, but never attains the more 
rapid rate characteristic of strain S/G. It should be noted that 
0.3 mm glycine limits growth so that the maximal increase in 
absorbancy (shown for strain S/G) is equivalent to no more than 
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50% of the “zero-minute”’ value. The curves also illustrate the 
fact that the growth rate of strain S/G on glycylglycine increases 
as the initial concentration of the peptide is raised and that, at 
the 0.3 mm level, growth on the peptide is somewhat slower than 
on free glycine. Strain 8S, however, grows at the same initial 
rate on 0.3 to 3.0 mm glycylglycine, and at the 0.3 mm level 
growth on the peptide is much faster than growth on the free 
amino acid. 

Again, in agreement with the earlier findings with smaller 
inocula (3-5), both auxotrophs grow equally fast on L-serine 
(shown in Fig. 2 for an initial concentration of 0.3 mm), and the 
early part of the growth cycle in the presence of an equimolar 
mixture of L-serine plus glycine is characteristic of growth on 
serine alone. 

In the absence of any amino acid or peptide that supports 
growth, the absorbancy of the cultures may increase slightly, but 
not by more than 10 to 15% in 180 to 240 minutes. In a glucose- 
free medium containing 0.3 to 3.0 mm glycine or L-serine, there 
is no growth for 180 to 240 minutes despite the presence in the 
basal medium of 15 mg per ml of L-asparagine which might be 
expected to serve as a carbon source. When chloramphenicol 
(concentration 5ug per ml) is present in an otherwise growth- 
promoting medium, no change in absorbancy occurs for about 
60 minutes; by 120 minutes the absorbancy is increased by no 
more than about 10%. 
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Fig. 3. Accumulation of glycine-carbon by (A) strain S/G and 
(B) strain 8. For each set of curves the ordinate represents the 
glycine-carbon accumulated by cells collected from 1 ml of culture 
medium containing labeled glycine at different initial concentra- 
tions. The data for 6 mm +——+, and 3 mm A——A glycine 
were obtained in the same experiment; \/——7 and XX refer 
to other experiments with 3 mm glycine. The data for 0.3 mm 
glycine without chloramphenicol O——O, and with chloram- 
phenicol @——@, were obtained in the same experiment; 0 ——O 
refers to another experiment with 0.3 mm glycine (no chloram- 
phenicol). The 2 sets of data for the 3 mm and 0.3 mm levels 
are given to show the reproducibility of the results. The specific 
activities of the labeled glycine in c.p.m. per mumole of amino 
acid were: (+) 2.14; (A, O, and @) 4.27; (0) 4.45; (V and xX) 
6.60. 
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Accumulation Experiments 

Unless otherwise stated, all isotope data are reported in terms 
of the C™ content of the cells present in 1 ml of culture. As 
noted in the section on ‘Materials and Methods,” for experiments 
with labeled glycine the results are given as mumoles of glycine- 
carbon, and for experiments with glycylglycine as mumoles of 
peptide carbon. This method was chosen because of the well 
known utilization of glycine as a precursor of all the carbon atoms 
of serine and of carbon atoms 2, 4, 5, and 8 of purines. Such 
conversion of glycine-carbon to the carbon of protein-serine had 
been shown for growing cultures of strain S/G (5), and a similar 
conversion may be expected to occur in strain S when once the 
glycine in the medium has entered the cells. Furthermore, pre- 
liminary experiments, in which strain S/G and strain S were 
incubated with labeled glycine (3 mm, 6.6 c.p.m: per mumole of 
glycine) for 35 minutes under the conditions described for the 
accumulation studies, and the cells fractionated by the method 
of Roberts et al. (13), showed that glycine-carbon is readily in- 
corporated into the nucleic acid fraction. In these fractionation 
experiments, in which the absorbancy of the strain S/G culture 
increased by about 17% and that of the strain S did not increase, 
strain S/G had a total C™-content equivalent to 124 mumoles of 
glycine-carbon, of which about 25% was present in the nucleic 
acid fraction. Strain S had a total C“ content equivalent to 50 
mymoles of glycine-carbon of which about 18% was present in 
the nucleic acid fraction. From these fractionation experiments, 
and from others in which the auxotrophs were incubated with 
glycylglycine (3 mm, 44.7 c.p.m. per mumole of C-terminal la- 
beled peptide) or with glycine (0.3 mm, 4.45 c.p.m. per mumole 
of glycine), it has been estimated that 5 to 10% of the total C™ 
in the whole cells is extractable with cold trichloroacetic acid. 
Although the labeled compounds in this trichloroacetic acid sol- 
uble “pool’’ have not been identified, the pool probably includes 
not only the labeled test compound but also labeled serine and 
labeled purines. It seems inadvisable, therefore, to attempt to 
estimate the ability of cells to “concentrate” free glycine (or 
glycine peptides) as has been done for other amino acids by Brit- 
ten et al. (11) and Cohen and Rickenberg (14). 

Experiments with Labeled Glycine—The isotope content of cells 
from cultures of strain S/G provided with labeled glycine is shown 
in Fig. 3A. Although strain S/G appears to grow at the same 
rate for at least 60 minutes regardless of the initial concentration 
of exogenous glycine (see Fig. 1A), the amount of glycine-carbon 
accumulated by strain S/G during the first 50 to 60 minutes in- 
creases somewhat as the initial concentration of labeled glycine 
in the medium is raised from 0.3 to 6.0 mm. After 60 minutes, 
as analysis of cells collected at 100 and 180 minutes has shown, 
the continued growth on 3 and 6 mm glycine is accompanied by 
further increases in the amount of C™ in the cells present in 1 
ml of the culture. 

With strain S (Fig. 3B), the isotope content of the cells is 
markedly increased at the higher initial concentrations of glycine. 
This obviously reflects the ability of the auxotroph to grow fairly 
rapidly on 3 or 6 mm glycine. However, if the data are corrected 
for the differences in growth rates, i.e. if the isotope content of 
the cells from 1 ml of culture is plotted as a function of the ab- 
sorbancy of the culture, greater utilization of glycine-carbon at 
the higher initial concentrations of glycine is still evident. For 
example, after the initial absorbancy of each culture has increased 
by about 20%, strain S cells collected from medium with 3 to 6 
mM glycine (incubation time, 70 to 80 minutes) contain about 
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70 mumoles of glycine-carbon and cells from medium with 0.3 
mM glycine (incubation time, 150 minutes) contain only about 
25 mumoles. When these values for strain S are compared with 
the values for corresponding cultures for strain 8/G (i.e. the 40- 
minute values on the curves shown in Fig. 3A), the latter auxo- 
troph is seen to accumulate more glycine-carbon during the period 
required for a 20% increase in the absorbancy of the cultures. 
It would appear, therefore, that regardless of the growth rate, 
the higher external concentrations of glycine permit a greater 
utilization of glycine-carbon by each strain. Moreover, any 
given external concentration of glycine permits a greater utiliza- 
tion of glycine-carbon by strain S/G than by strainS. As meas- 
ured in these experiments, greater “utilization” may involve a 
greater “uptake” or “binding” (retention) of free glycine, or a 
greater “incorporation” of glycine-carbon into proteins and nu- 
cleic acids, or both greater uptake and greater incorporation. If 
the rate of growth does not alter significantly the relative con- 
centrations of cellular proteins and nucleic acids,! cells showing 
a large accumulation of glycine-carbon must derive more of these 
constituents from exogenous glycine than do cells showing a 
small accumulation. Attempts to explain this phenomenon must 
take into consideration the fact that the synthesis de novo of pro- 
tein-glycine (and serine) is not completely blocked in either 
strain S/G or strain S; growing cultures of both strains appear 
to form a portion of their protein-glycine from glucose-carbon 
via a pathway in which serine is not an obligatory intermediate 
(5). Hence, neither strain is forced to use exogenous glycine as 
the sole source of the cellular constituents ordinarily synthesized 
from glycine. It follows, therefore, that the intracellular level 
of free glycine may determine the extent to which glycine-carbon 
is incorporated into cellular constituents; when the intracellular 
level of free glycine is relatively low there should be maximal 
synthesis of cellular constituents from glucose-carbon. For both 
strain S and strain S/G, a low concentration of exogenous gly- 
cine-C™ would be expected to produce a relatively small “‘pool’’ 
of labeled glycine within the cells and a relatively poor use of 
labeled carbon for protein and nucleic acid synthesis. Moreover, 
in the presence of a given concentration of exogenous glycine, 
the “pool’’ of labeled glycine in strain S probably is much smaller 
than the pool in strain S/G because of the difficulty with which 
strain S takes up free glycine. Consequently, strain S would be 
forced to synthesize comparatively large amounts of its cellular 


1 The assumption that, under the experimental conditions used 
here, the amounts of cellular proteins and nucleic acids remain 
relatively constant regardless of growth rate (or growth factor) 
has not been tested directly. However, the total isotope content 
per milligram of dry weight of cells apparently is not dependent 
solely on growth rate. This is evident not only from the data in 
Fig. 3A for cultures of strain S/G growing at the same initial rate 
on 0.3 to 6 mo glycine-C" but also from the results of the experi- 
ment which follows. Strain S/G cells were ‘“‘prepared”’ by growth 
in a medium containing 6 mM serine and then tested for their 
ability to accumulate labeled glycine (0.3 mm). During the ac- 
cumulation test the growth rate was only half that shown in 
Fig. 1A for cells prepared on 30 mm serine. Despite the slower 
rate of growth, the amounts of glycine-carbon per milligram of 
dry weight of cells were the same as those found for the faster 
growing culture. The relative incorporation of isotope into cellu- 
lar proteins and nucleic acids also appears to be independent of 
growth rate (or growth factor). Thus, the percentage distribu- 
tion of glycine-carbon or of glycylglycine-carbon among the vari- 
ous cell fractions did not vary significantly when the growth rates 
of the cultures analyzed differed by a factor of 2 (see “Experiments 
with Labeled Glycylglycine”). 
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constituents from glucose-carbon rather than from the labeled 
glycine supplied in the medium. 

The difference in the abilities of strains S and S/G to accumu- 
late glycine-carbon cannot result only from the difference in their 
ability to utilize exogenous glycine for metabolic processes as- 
sociated with growth. Culture growth is not essential for gly- 
cine-carbon accumulation since chloramphenicol inhibits com- 
pletely the growth of strain S/G without causing a corresponding 
inhibition in the accumulation of isotope (Fig. 3A). Indeed, 
during the first 60 minutes, the amount of glycine-carbon per 
milligram of dry weight of strain S/G cells is exactly the same for 
cells collected from media containing 0.3 mm glycine-C with 
or without chloramphenicol (i.e. if the “time curves” shown in 
Fig. 3A are replotted after correction for the increase in the ab- 
sorbancy of the culture growing in the absence of antibiotic, the 
corrected points for this culture coincide with the (uncorrected) 
points for the culture containing chloramphenicol). 

In other experiments with media containing 3 mm glycine-C™ 
(6.6 c.p.m. per mumole of glycine), the presence of chlorampheni- 
col did not alter significantly the isotope content of the strain 
S/G cells from 1 ml of cultures incubated for 30 minutes or of 
strain S cells from 1 ml of cultures incubated for 60 minutes. 
Analysis of cells collected from 1 ml of cultures after longer in- 
cubation periods indicated that the antibiotic causes an apparent 
inhibition of glycine accumulation as well as an inhibition of 
growth. 

That the inhibitory effect of chloramphenicol is mainly on the 
incorporation of carbon into bacterial protein was tested by de- 
termining the isotope content of the cell fractions insoluble in 
hot trichloroacetic acid (“proteins”) and in cold trichloroacetic 
acid (“proteins plus nucleic acids”). For example, when cells 
of strain S/G collected from 1 ml of culture incubated for 180 
minutes with 0.3 mm glycine (4.45 c.p.m. per mumole of glycine) 
were examined, the protein fraction had 112 mumoles and the 
nucleic acid fraction was estimated to have 106 mumoles of gly- 
cine-carbon; the corresponding fractions from cells incubated 
with the labeled glycine and chloramphenicol had values of 21 
myumoles and 130 mumoles, respectively. 

Additional evidence that the poor accumulation of glycine- 
carbon by strain S cannot be ascribed solely to its poor growth 
response to exogenous glycine is provided by the experiment 
summarized in Fig.4. Here the accumulation of isotope supplied 
as glycine (0.3 mm) was followed in cells incubéted in the usual 
medium and in a medium devoid of glucose. The presence of 
asparagine in the medium provides (via the oxidative metabolism 
of this amino acid) a potential source of energy that might be 
required for the “transport” of glycine across the cell membrane, 
or for the “‘binding”’ of glycine within the cell. As may be seen 
from Fig. 4A, even in the absence of glucose, strain S/G slowly 
accumulates glycine-carbon. Consequently, inhibition of growth 
by glucose deprivation, as well as by chloramphenicol, does not 
abolish the ability of strain S/G to accumulate glycine. 

In the same experiment, the accumulation of glycine-carbon 
also was followed in a medium containing unlabeled L-serine (0.38 
mM) which permits the initial growth of strain S to proceed as 
rapidly as that of strain S/G (see Fig. 2). The data shown in 
Fig. 4A for these serine-containing cultures (together with the 
data for the cultures lacking exogenous serine) have been replot- 
ted in Fig. 4B as a function of the absorbancy of the cultures to 
correct for the difference in the rates of growth of each auxotroph 
in the presence and absence of t-serine. Although the accumu- 
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Fig. 4. (A) Accumulation of glycine-carbon by cells in 1 ml of 
culture plotted as a function of time. Strain S/G, solid lines; 
strain 8S, dash lines; usual basal medium, +———-+; basal medium 
devoid of glucose, X——X; basal medium supplemented with 
L-serine at an initial concentration of 0.38 mm O——O. All 
media contained glycine-1,2-C' (4.45 c.p.m. per mumole of gly- 
cine) at an initial concentration of 0.3 mm. 

(B) Data from (A) for usual basal medium +——-+, and basal 
medium supplemented with L-serine O——O, replotted as a func- 
tion of the culture absorbancy. Strain S/G, solid lines; strain S, 
dash lines. 


lation of glycine-carbon by strain S/G is suppressed somewhat 
in the presence of serine, strain S does not accumulate glycine- 
carbon even when it is growing rapidly on serine. The latter 
result is in agreement with the earlier observation (5) that when 
strain S is grown from small inocula in a medium containing both 
serine and glycine, glycine does not disappear from the medium 
while the cells are utilizing serine. 

In another experiment to test the dependence of glycine ac- 
cumulation on growth, strain S was incubated in a medium con- 
taining either labeled glycine or a mixture of labeled glycine and 
unlabeled glycylglycine. The growth rate on the mixture of di- 
peptide (0.3 mm) and amino acid (0.3 mm) is identical with that 
on glycylglycine (0.3 mm) alone, so that peptide-glycine would 
appear to serve as the growth factor when the mixture is present. 
Under the latter conditions, the fact that strain S is growing— 
and growing on a dipeptide from which it is known to form free 
glycine (5)—still does not permit it to utilize readily the exoge- 
nous source of free glycine (Table I, Experiment 1). 

Experiments with Other Labeled Amino Acids—It was, of course, 
possible that strain S differed from strain S/G in the ability to 
take up amino acids other than glycine. From the growth ex- 
periments carried out previously (3), the two auxotrophs appear 
to be equally capable of using serine, but the accumulation of 
serine-carbon by the two strains need not occur at the same rate. 
For example, serine is deaminated much less rapidly by strain 
S than by strain S/G (3). This fact provides a logical explana- 
tion for the observation that a given amount of serine may permit 
more extensive growth by strain S than by strain S/G (see Fig. 
2). When the accumulation of labeled serine (0.3 mm) by each 
strain was measured, the results shown in Table I, Experiment 
2 were obtained. Although no valid comparison of the two auxo- 
trophs can be made, it may be seen that each accumulates serine- 
carbon readily even in the presence of chloramphenicol. 

As a more satisfactory test of the possibility that strains S and 
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8/G differ in their ability to accumulate aliphatic amino acids 
other than glycine, each strain was incubated with pt-leucine- 
1-C™ (0.3 mm) in the presence and absence of L-serine (0.38 mm), 
The data given in Table I, Experiment 3, show that the two auxo- 
trophs handle leucine in exactly the same way. 

All of the isotope experiments described above indicate that 
strain S cells are unable to accumulate glycine-carbon readily 
and that the poor growth rate on glycine is a result of this in- 
ability. In view of the ability of strain S to grow without ap- 
parent difficulty on peptide-glycine, the data support the hy- 
pothesis that the major defect in strain S resides in the mechanism 
by which free glycine is taken up by the cells and not in the met- 
abolic processes by which intracellular glycine serves as a pre- 
cursor in the synthesis of cellular constituents. It was impor- 
tant, therefore, to determine whether there are independent 
mechanisms for the accumulation of peptide-glycine and free 
glycine in strain S. 

Experiments with Labeled Glycylglycine—Because the difference 
in the growth response of strain S to glycine and glycylglycine 
was most marked at the 0.3 mm level (Fig. 1B), this concentra- 
tion was chosen for most of the experiments with the labeled 
peptides. At the 0.3 mm level, the difference between the growth 
rates of strain S and strain S/G on glycylglycine is relatively 


TABLE I 


Accumulation of glycine, serine, and leucine by strain S 
and strain S/G 


















































Isotope content of cells from 
Te. Test compounds* 1 ml of culture, in mumoles 
peri- | ‘ of amino acidt 
ment | Strain 
No. | 15 30 | 60 100 | 180 
Labeled Unlabeled | min | min | min | min | min 
eel a Me 
1 | Glycine | is 5.0 17 
Glycine Glyeyl- |S 2.1; 2.9) 7.7) 19 
| glycine | 
2 | u-Serine | 8 79 |101 | 85 | 92 
L-Serine | Chloram- | 8 47 | 64 | 62 | 64 
| pheni- 
| col 
| L-Serine S/G| 22 |30 | 42 | 32 | 35 
anne Chloram- | S/G} 19 |22 | 24 | 27 | 29 
pheni- 
col 
3 | Glycine S |-—1.2) 5.5) 6.8) 5.1) 15 
| Glycine S/G| 20 |41 | 93 [122 |107 
| pt-Leucinet | s 1.5] 2.1; 2.2) 4.1) 5.4 
| pL-Leucine L-Serine |S 6.3)16 | 22 | 26 | 22 
| pL-Leucine S/G| 1.3] 3.4) 2.7) 4.5) 2.4 
| pL-Leucine | L-Serine | S/G| 5.9|14 | 20 | 25 | 20 





* The initial concentrations and specific activities (per mumole 
of amino acid) were: glycine-1,2-C', 0.3 mm and 4.45 c.p.m.; DL- 
leucine-1-C™, 0.3 mm and 6.03 c.p.m.; L-serine-1,2,3-C1, 0.3 mm 
and 10.8¢.p.m. The unlabeled glycylglycine was used at 0.3 mm, 
and the unlabeled t-serine at 0.38 mm. The chloramphenicol 
concentration was 5 wg per ml. 

+ The data are given in this form (rather than in terms of mg- 
moles of amino acid-carbon) to facilitate comparison of the ac- 
cumulation of different amino acids. Only the u-form of DL- 
leucine is assumed to be taken up by the cells (Cf. (14)). 

t There is no growth of either auxotroph in the absence of 
L-serine; in its presence, growth is identical to growth on L-serine 
unsupplemented with leucine. 
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small, which also facilitates comparisons between the two auxo- 
trophs. 

The results of an experiment with strain S/G provided with 
labeled glycine (0.3 mm) or with glycylglycine labeled in the C- 
terminal residue (0.3 mm and 0.15 mM) are shown in Fig. 5A. 
The peptide-carbon is accumulated rapidly by growing cells, but 
the accumulation occurs at a somewhat slower rate than the ac- 
cumulation of glycine-carbon. This difference is reflected in the 
slower rate of growth on glycylglycine (Fig. 1A). However, even 
in nongrowing (chloramphenicol-containing) cultures, the pep- 
tide-carbon appears to be utilized by strain S/G at a slower rate 
than the amino acid-carbon. This experiment with strain S/G 
also included tests with 0.3 mm and 0.15 mm glycylglycine labeled 
in the N-terminal residue (5.52 ¢.p.m. per mumole of dipeptide). 
The results were similar to those shown for the C-terminal labeled 
glycylglycine, and no significant difference was observed in the 
extent to which the two species of labeled glycylglycine are uti- 
lized by strain S/G. 

The parallel experiment with strain S indicated that glycy!- 
glycine-carbon (supplied as either the C-terminal labeled peptide, 
shown in Fig. 5B, or the N-terminal labeled peptide) is accumu- 
lated much faster than the amino acid-carbon by both growing 
and nongrowing cultures. Carbon from the two species of la- 
beled glycylglycine is utilized to approximately the same extent 
by strain 8, 

Because strains S and S/G grow at appreciably different rates 
on 0.3 mM glycine and at only slightly different rates on 0.3 mm 
glycylglycine (Cf. Figs. 1A and 1B), a valid comparison of grow- 
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Fic. 5. Accumulation of glycine-carbon and of glycylglycine- 

carbon by cells in 1 ml of cultures of (A) strain S/G and (B) strain 

8. 0.3 mm glycine without chloramphenicol O——O, and with 

chloramphenicol @——@; 0.3 mm glycylglycine without chlor- 

amphenicol A---A, and with chloramphenicol A---A; and (in 

A) 0.15 mo glycylglycine X---X. The specific activities were: 

glycine-1,2-C™, 4.27 c.p.m. per mumole of glycine, and glycylgly- 

cine containing labeled glycine as the C-terminal residue, 3.64 
¢.p.m. per mymole of dipeptide. 
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ing cultures can be made only when the isotope data in Fig. 5 
are corrected for these differences, i.e. when the accumulation of 
carbon by growing cells is plotted as a function of the absorbancy 
of the cultures. From the curves in Fig. 6, it can be seen that 
strain 8/G cells collected from cultures of equal absorbancy ac- 
cumulate the same amount of isotope whatever its source. 
Strain S/G, therefore, appears to use glycylglycine-carbon only 
after the peptide has been hydrolyzed, and both glycine residues 
appear to enter a common “glycine pool.” 

Strain S cells collected from cultures of equal absorbancy ac- 
cumulate more peptide-carbon than glycine-carbon (Fig. 6). If 
a given weight of cells may be assumed to contain a given amount 
of protein and nucleic acid regardless of the growth factor sup- 
plied in the medium,! strain S cells must derive more of their 
cellular constituents from the peptide than from free glycine. 
The explanation offered in connection with the earlier experi- 
ments on labeled glycine serves equally well in the present case. 
The ability of strain S to form protein-glycine from glucose ob- 
viates the need to use exogenous glycylglycine or glycine as the 
sole source of cell components ordinarily derived from glycine- 
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carbon. In the experiments illustrated by Fig. 6, it is probable 
that, during the slow growth of strain S in the medium containing 
free glycine, the intracellular level of free glycine is relatively low 
and syntheses involving glucose-carbon are maximal. Conversely, 
with exogenous glycylglycine, strain S may build up a relatively 
high intracellular level of the dipeptide, or of the glycine resulting 
from the hydrolysis of the dipeptide, and syntheses involving 
glucose-carbon are minimal. 

Comparison of the data in Fig. 6 for growing cultures of strains 
S and 8/G shows that the two strains differ relatively little in 
their glycylglycine-carbon content. This difference is more 
marked for the nongrowing (chloramphenicol-containing) cul- 
tures: here, strain S accumulates peptide-carbon at a significantly 
slower rate than strain S/G (Cf. Figs. 5A and 5B). Again these 
apparent strain differences may be ascribed to the differences in 
the extent to which each auxotroph is forced to use- glucose 
(rather than glycine) as a carbon source for intracellular syn- 
theses. This, in turn, would be determined by the difference in 
either the rates at which the strains take up the dipeptide from 
the medium, or the rates at which they hydrolyze the dipeptide, 
or their capacity to retain (i.e. “bind”) the free glycine formed 
by the intracellular hydrolysis of the dipeptide. 

The data from another experiment with strain 8 grown in the 
presence of the 0.3 mm levels of glycylglycine and glycine may 
be cited as evidence that the two compounds are accumulated by 
independent mechanisms. In this test, the medium contained 
either C-terminal labeled glycylglycine (0.3: mm and 8.05 c.p.m. 
per mumole of dipeptide) or the labeled dipeptide (0.3 mm) plus 
unlabeled glycine (0.8 mm). As noted for Experiment 1, Table 
I, the growth rates on the dipeptide alone and on the mixture of 
peptide and glycine are identical. Consequently, direct, com- 
parison of the data for the two cultures should show if-the pres- 
ence of free glycine in the medium has any effect on the extent 
to which the peptide-glycine is used. Expressed in terms of the 
isotope content of cells from 1 ml of culture, the strain S cells 
collected from the culture containing only labeled glycylglycine 
had 57 mumoles of peptide-carbon after 60-minutes incubation 
and 286 mumoles after 180-minutes incubation. The values for 
corresponding samples of the culture containing both labeled 
peptide and unlabeled amino acid are 60 and 282 mumoles, re- 
spectively. This experiment also supports the earlier conclusion 
that growth on peptide-glycine does not permit an enhanced ac- 
cumulation of carbon supplied as free glycine. 

The growth tests had shown that a given strain grows at ap- 
proximately the same rate on glycylglycine and on glycine when 
the compounds are present at an initial concentration of 3 mm, 
put that strain 8/G grows at a faster rate than strain S (Fig. 1). 
This high concentration of test compound has also been used to 
compare the accumulation of peptide-carbon and glycine-carbon, 
and several experiments were carried out with both N-terminal 
labeled glycylglycine (specific activity varying from about 0.09 
to about 50 c.p.m. per mumole) and C-terminal labeled glycyl- 
glycine (about 0.06 to about 45 c.p.m. per mumole). Growing 
cultures of each strain rapidly accumulate glycylglycine-carbon 
and no significant difference was found in the accumulation of 
carbon from the two species of labeled dipeptide by either strain 
S/G (maximal incubation time, 180 minutes) or strain S (maximal 
incubation time, 300 minutes). The rate of accumulation of 
peptide-carbon by a given auxotroph does not differ significantly 
from its rate of accumulation of glycine-carbon; however, strain 
S/G accumulates isotope at a faster rate than does strain S. 
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The effect of chloramphenicol on the accumulation of peptide- 
carbon by strain S/G or strain S cells incubated with the labeled 
peptides at the 3 mm level is similar to the effect described for 
3 mm glycine-C“. Thus, the isotope content of cells from 1 ml 
of culture is significantly lowered by the presence of chloram- 
phenicol only after marked inhibition of growth becomes evident, 
i.e. relatively late in the incubation period. 

The ability of strain S to grow, and to accumulate carbon, 
equally well on 3 mm glycine and 3 mm glycylglycine does not 
invalidate the hypothesis that these compounds are taken up by 
independent mechanisms and that strain S is deficient in. the ca- 
pacity to take up the free amino acid. At the high concentration 
of 3 mM, simple diffusion may -provide an intracellular level of 
glycine sufficient to support rapid growth and eliminate the need 
for a functional “uptake mechanism” which is essential for the 
accumulation of free glycine against a concentration gradient. 

To compare the fate of glycine-carbon and glycylglycine-car- 
bon in growing cultures of the two strains, some of the cells grown 
on 3 mM glycine (6.6 c.p.m. per mumole of glycine) and on 3 mm 
glycylglycine (49.6 e.p.m. per mumole of N-terminal and 44.7 
¢.p.m. per mumole of C-terminal labeled peptide) were fraction- 
ated by the procedure of Roberts et al. (13).. The cultures with 
labeled glycine and. with each species of labeled glycylglycine 
that were used: for fractionation were: strain S/G incubated for 
30 minutes (absorbancies, 0.246 to 0.254) and 180 minutes (ab- 
sorbancies, 0.563: to 0.572), and strain S incubated for 180 min- 
utes (absorbancies, 0:376 to 0.378).. Although the isotope con- 
tent of the whole cells varied markedly according to the test 
compound used and the absorbancy of the culture analyzed, 
there were no significant differences in the percentage distribution 
of C™ among the various cell fractions. 

It would appear, therefore, that growth of both strains S/G 
and S on 3 mM glycylglycine is characterized by the complete 
hydrolysis of the dipeptide before the carbon is incorporated into 
cellular constituents. (This .same conclusion applies to the 
growth on 0.3 mm glycylglycine of strain S/G and, probably, 
strain 8.) Such a phenomenon is, perhaps, only to be expected 
when an organism that cannot synthesize most, if not all, of its 
glycine from glucose and ammonia grows rapidly in the presence 
of glycylglycine as the only exogenous source of preformed gly- 
cine residues. Although some of the peptide-glycine might be 
utilized as a source of protein-glycine via transpeptidation re- 
actions, the utilization of peptide-carbon for the synthesis of 
serine and purines would require prior hydrolysis of the dipep- 
tide to free glycine, and the latter would also serve as a source 
of protein-glycine. 


DISCUSSION 


In strain 8, the metabolic processes by which glycine-carbon 
can be utilized for the synthesis of various cell constituents would 
appear to function normally and, at least when the glycine is 
supplied in the form of glycylglycine, the metabolism of the auxo- 
troph is not markedly different from the metabolism of strain 
S/G. All the available data suggest strongly that strain S can- 
not accumulate, or grow, at a rapid rate on low concentrations 
of free glycine because it is deficient in the mechanism essential 
for the “uptake” of free glycine from the culture medium or the 
“binding” of free glycine within the cells. This deficiency can 
be circumvented when glycylglycine is used as the growth factor. 
There is no evidence that the more rapid growth permitted by 
low concentrations of glycylglycine results from anything other 





Octob 


than t 
from t 
provid 
In stre 
strain 
glycin 
Dire 
leucine 
way ll 
reports 
Leach 
cumul: 
as lab 
peptid 
acid, ¢ 
glycin 
stricth 
strain 
tide-g] 
The 
gestio1 
synthe 
and th 
the m 
cells a 
is of ¢ 
confir1 
strain 
netic | 
a strai 
types 
under 
anoth 
third | 
sumal 
did ne 
glycin 
glycin 
the “‘s 
same 


Af 
has b 
two s 
abilit; 
Or as | 


XUM 


. 10 


‘ide- 
eled 
| for 
| ml 


lent, 


; not 


ably, 
ected 
of its 
sence 
d gly- 
‘ht be 
on re- 
sis of 
dipep- 
source 


-arbon 
would 
cine is 
: AUXO- 
strain 
S can- 
rations 
sential 
or the 
cy can 
factor. 
ted by 
z other 





October 1960 


than the relative ease with which the peptide can be removed 
from the medium. Intracellular hydrolysis of the dipeptide then 
provides the glycine essential for the synthesis of cell constituents. 
In strain S/G, glycine uptake is readily accomplished, and, like 
strain 8, this auxotroph derives glycine from exogenous glycyl- 
glycine by hydrolysis. 

Direct evidence that amino acids (i.e. valine, leucine, and iso- 
jeucine) can be taken up from the medium by E£. coli via a path- 
way independent of that used for the uptake of peptides was 
reported first by Cohen and Rickenberg (14). More recently, 
Leach and Snell (15) have observed that Lactobacillus casei ac- 
cumulates glycine-carbon supplied as labeled L-alanylglycine and 
as labeled glycine by different pathways; the accumulation of 
peptide occurs at a faster rate than the accumulation of the amino 
acid, although the peptide appears to be hydrolyzed before the 
glycine residue is incorporated into protein. These data are 
strictly analogous to the observations on strain 8. However, 
strain S is unique in showing such a marked preference for pep- 
tide-glycine over free glycine as a growth factor. 

The data from biochemical studies confirm the original sug- 
gestion (5) that strains S and S/G have a similar “block” in the 
synthetic pathway leading from glucose and ammonia to serine 
and thence to glycine, and that strain S has a second “block” in 
the mechanism by which exogenous glycine is carried into the 
cells and becomes available for use in intracellular reactions. It 
is of special interest, therefore, that genetic analysis (16) has 
confirmed the existence of two independent genetic blocks in 
strain S, one of which is phenotypically similar to the single ge- 
netic block of strainS/G. Thus, when strain § was crossed with 
a strain that required neither serine nor glycine for growth, three 
types of progeny were recovered: one type grew only on serine 
under conditions in which strain S responded only to serine; 
another grew on serine or glycine as does strain S/G; and the 
third did not require either serine or glycine for growth. (Pre- 
sumably the third type included still a fourth, namely, cells that 
did not require serine or glycine and also were unable to take up 
glycine readily.) Moreover, the gene responsible for the ‘“‘serine- 
glycine requirement”’ of strain S/G and the gene responsible for 
the “‘serine-glycine requirement”’ of strain S were located in the 
same region of the bacterial chromosome. 


SUMMARY 


A further investigation, with the use of C-labeled compounds, 
has been made of the glycine and glycylglycine metabolism of 
two serine-glycine auxotrophs of Escherichia coli K-12. The 
ability of these bacteria to accumulate carbon supplied as glycine 
or as glycylglycine labeled in either the C-terminal or N-terminal 
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residue was studied with growing and nongrowing cultures. For 
the latter, growth was prevented either by glucose deprivation 
or by chloramphenicol inhibition. 

The data obtained support strongly the earlier conclusion of 
Simmonds and Miller (5) that the auxotroph strain S, which 
ordinarily grows on glycine only after prolonged lag periods, is 
deficient in the mechanism by which free glycine is taken up from 
the medium. It differs in this respect from the other auxotroph, 
strain S/G, which grows readily on exogenous glycine. 

Strain S can grow more rapidly on glycylglycine than on gly- 
cine, and the enhanced growth rate on the peptide appears to 
result solely from the relative ease with which the peptide can 
be taken up from the medium. Although the peptide and the 
free amino acid appear to be taken up by independent mecha- 
nisms, all the available data indicate that, in both strain S and 
strain S/G, glycylglycine undergoes intracellular hydrolysis be- 
fore the incorporation of its carbon into bacterial anes and 
nucleic acids, 
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The natural occurrence of sulfoxides has only recently been 
recognized (1) and their metabolic role and enzymatic reactions 
have received very little study. It has been suggested that they 
may function in oxidation-reduction processes involving a bio- 
logical interconversion between sulfoxides and the corresponding 
thioethers (2). 

Described herein is an enzymatic system isolated from yeast 
which catalyzes the specific reduction of one of the four isomers 
of methionine sulfoxide to the corresponding thioether, methio- 
nine (Reaction 1). This process utilizes TPNH and requires the 
participation of three separable protein fractions which are desig- 
nated Enzymes I, II, and III. 

aie: ’ I, II, Il 
TPNH + H+ + 1(—) methionine sulfoxide —~—*——__, (1) 
TPN + t-methionine + HO 


During the study of this enzyme system it became apparent 
that although it quite specifically catalyzes the reduction of one 
sulfoxide, it nevertheless also catalyzes a different type of reac- 
tion, the reduction of disulfides to thiols. Only two of the three 
enzymes required for Reaction 1, Enzymes I and II, participate 
in the latter reaction. Reaction 2 is not specific relative to the 
disulfide substrate. 


1, 


TPNH + H* + (RS), —*—> TPN + 2 RSH (2) 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Optical tests were performed with a Cary model 14 recording 
spectrophotometer. Column chromatographic identifications of 
methionine and S-carboxymethy] cysteine were made with the 
Spinco automatic amino acid analyzer. Gradient elutions of 
preparative columns were accomplished with the aid of the “Vari- 
grad” described by Peterson and Sober (3). 

The several isomers of methionine sulfoxide were prepared by 
the method of Lavine (4). §8-Hydroxyethyl] disulfide was pre- 
pared by titrating a 1.0 m solution of mercaptoethanol with I, 
dissolved in ethanol and subsequently removing HI by passing 
the solution through a column of Dowex 1-formate. The result- 
ing material was neutralized with Tris base and used without 
further purification. Ammonium sulfate used in enzyme purifi- 
cation procedures was reagent grade and was recrystallized from 
water containing 0.003 m ethylenediaminetetraacetate (Versene). 


Calcium phosphate gel for batch procedures was prepared by the 
method of Keilin and Hartree (5), and “brushite” for columns 
by the method of Tiselius et al. (6). DEAE-cellulose was ob- 
tained from the Eastman Organic Chemicals Company, crystal- 
line preparations of bovine serum albumin and ribonuclease from 
Armour and Company, and TPNH, DPNH, TPN, and DPN 
from the Sigma Chemical Company. Crystalline zine insulin 
and an amorphous preparation of insulin were obtained from 
Dr. T. Viswanatha and Dr. Martha Vaughan, respectively, and 
were originally supplied by Dr. O. K. Behrens of the Eli Lilly 
Company. 5,5’-Dithiobis(2-nitrobenzoic acid) was obtained 
in part from the Aldrich Chemical Company, and in part as a 
gift from the Dow Chemical Company. Synthetic oxytocin was 
a commercial product kindly supplied to us by Dr. L. A. Cohen, 
ethionine sulfoxide was obtained from Dr. J. A. Stekol, and three 
isomers of $-methionine sulfoxide (7) were provided by Dr. 
Dina Keglevic of the Institute “Ruder Boskovic,” Zagreb, 
Yugoslovia. Lipoic acid was obtained from Lederle Labora- 
tories, pL-methionine sulfoximine from the California Biochemi- 
cal Corp., and Carbowax (a polymer of ethylene glycol, mol. wt. 
20,000) from the Union Carbide Chemicals Company. The 
L-amino acid oxidase used was a rattlesnake venom, Crotalus 
adamanteus, prepared by the Ross Allen Reptile Institute. It 
was used to oxidize L-methionine by a procedure similar to that 
used previously for other amino acids (8). p-Amino acid oxidase 
was a product of the Worthington Biochemical Corp., and was 
used to test the configuration of methionine according to a de- 
scribed procedure (8). 

K,, values for several substrates were approximated by the 
method of Lineweaver and Burk (9). Methionine was deter- 
mined by the nitroprusside method of Csonka and Denton (10), 
and thiols by a nitroprusside method (11) as well as by the re- 
cently described method of Ellman (12) which utilizes the reagent 
5, 5’-dithiobis(2-nitrobenzoic acid). TPNH was estimated from 
its absorption of light at 340 my with the use of an extinction of 
6.2 X 10° cm? per mole (13). Methionine was chromatographed 
on Whatman No. 1 paper in 80% phenol and in 88% formic 
acid-tertiarybutanol-water (15:70:15). 


Preparation of Enzymes 


Yeast extract was prepared as previously described (14). All 
operations were performed with the preparations at 0-4°. The 
pH in all cases was measured at room temperature with a glass 
electrode meter (Beckman) on a sample diluted 10-fold with 
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water at room temperature. 
room temperature (22-25°). 


All optical tests were made at 


Enzyme Tests 


In crude preparations Reaction 1 was assayed by determining 
the rate of methionine formation from L( —)-methionine sulfoxide 
in the presence of a TPNH-generating system such as glucose- 
6-P dehydrogenase with glucose-6-P and TPN. When the prepa- 
rations were sufficiently purified to reduce the extent of side reac- 
tions of TPNH, an optical test was used. Each of the three 
enzymes was measured in the presence of an excess of the other 
two, as follows. To a suitable cuvette were added 0.1 ml of 0.1 
m potassium phosphate buffer, pH 7.0, 0.1 ml of 1% crystalline 
serum albumin which stabilizes the enzymes, 0.05 ml of 0.002 m 
TPNH (neutralized with Tris base), about 0.02 unit each of the 
two enzymes not being assayed, the test enzyme, and water to 
make a final volume of 1.0 ml. After observing the small blank 
disappearance of TPNH in a spectrophotometer at 340 my for 
about 2 minutes before substrate addition, 0.05 ml of a 0.1 m 
solution of L(—)-methionine sulfoxide was added and the rate 
of TPNH oxidation observed. One unit of each enzyme is de- 
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Fig. 1. Optical test for L(—)-methionine sulfoxide reduction. 
The procedure is described in the text. 
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The tests were performed as described in the text. A small blank 
was subtracted from each recorded value. 
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fined as the amount which, in the presence of an excess of the 
other two, catalyzes the reduction of 1 umole of methionine sulf- 
oxide per minute. Fig. 1 shows a record of this enzyme test. 
Fig. 2 shows that the reaction rate is proportional to the concen- 
tration of each of the enzymes when the others are present in 
excess. 

Reaction 2 cannot be measured in crude preparations because 
of side reactions and also because such preparations contain 
large amounts of endogenous substrates for this reaction. When 
the enzymes were partially purified, Reaction 2 was measured 
exactly as Reaction 1 except that Enzyme III was omitted and 
0.1 m hydroxyethyl disulfide was substituted for methionine 
sulfoxide. One unit of each enzyme is defined as the amount 
which, in the presence of an excess of the other, catalyzes the 
reduction of 1 umole of hydroxyethyl disulfide per minute. En- 
zymes I and II catalyze Reaction 2 at a rate essentially the same 
as the rate of methionine sulfoxide reduction catalyzed by equiva- 
lent amounts of these enzymes in the presence of an excess of 
Enzyme III; units and specific activities for Enzymes I and II 
given in Table I may, therefore, be interpreted in terms of either 
Reaction 1 or 2. Fig. 3 shows a record of a Reaction 2 test. 
Fig. 4 shows that the rate of Reaction 2 is proportional to the 
concentration of either Enzyme I or II when the other is present 
in excess. 
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TABLE [| 
Summary of enzyme purification data 
The procedures are described in the text. 


























© fe # |8 
4 Preparative step | § | Units| Protein | 2 Py = 
af | 3 s* is 
ml | mg X 108 
I | Extract 850\365 39100 9.3 
40-70% (NH,)2SO, ppt. 190/339 |10000 33.9) 93 
First DEAE column*: ¢ 124) 13.2} 99 {130 | 36 
Second DEAE column 200} 8.1; 30 (270 | 22 
Third DEAE column 205} 4.3) 25 {170 | 12 
II | Extract 850} 25 (41600 0.6 
pH 3.5 and (NH,)2S0, 58| 17 | 1970 8.6} 72 
DEAE column 30! 6 285 | 21 | 24 
Calcium phosphate column 
Column Fraction 9 16} 3.8 8.2/}460 | 15 
Column Fractions 8, 10, 11 48; 2.2) 28.1) 78 9 
III | Extract 850) 59.5/41600 1.4 
pH 2.7 and (NH,)2SO, 15) 42.5) 1005 | 42 | 71 
Calcium phosphate eluate 15) 36.3} 62 (590 | 61 














* Only one-tenth of the ammonium sulfate precipitate was used 
for the following steps; thus data for these steps must be multi- 
plied by 10 for comparison with the data for original extract. 

¢ The product of the first DEAE-cellulose column was com- 
pletely free of Enzymes II and III. The second and third col- 
umns reduced the ratio of glutathione reductase activity to 
Enyzme I activity as follows: first column, 3:1; second column, 
0.5:1; third column, 0.1:1. 


An alternative, more sensitive method for measuring Reaction 
2 involves use of 5,5’-dithiobis(2-nitrobenzoic acid) (12) as the 
disulfide substrate and measurement of the increase in optical 
density at 412 my which occurs on its reduction. Conditions 
for the test are otherwise exactly as described above. 


Enzyme I 


Ammonium Sulfate—About 800 ml of yeast extract were ad- 
justed to pH 4.9 by dropwise addition with stirring of 4 N formic 
acid, and the inactive precipitate removed by centrifugation. 
Ammonium sulfate, 22.6 g, was added per 100 ml of solution and 
the precipitate was removed by centrifugation and discarded. 
Then 18.2 g of ammonium sulfate were added per 100 ml of the 
supernatant solution and the precipitate dissolved in a minimum 
of water, dialyzed against 4 liters of 0.005 m KHCO;-HC1 buffer 
(initial pH 6.3) for 5 to 6 hours and then against another 4 liters 
of the same buffer for 15 hours. 

First DEAE-cellulose Column—One-tenth, 20 to 25 ml, of the 
resulting solution was placed on a column of unbuffered DEAE- 
cellulose (2.2 x 20 cm, packed by settling without external 
pressure) which was then treated as follows. Ammonium phos- 
phate buffer pH 6.5, 320 ml, was passed through the column with 
a concentration increasing linearly from 0.0 to 0.075 m. A 0.1 
M solution of the same buffer was then passed through until the 
activity emerged. The flow rate was about 1.5 ml per minute 
and fractions of about 15 ml were collected. The active frac- 
tions, usually found between Tubes 30 and 40, were combined 
and dialyzed for 15 hours against 4 liters of the 0.005 m KHCO;- 
HC! buffer. 
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Second DEAE-cellulose Column—The resulting preparation 
was adsorbed on a second DEAE column (0.9 x 10 cm) previ- 
ously packed under 2.5 pounds of air pressure. The DEAE in 
this case was previously equilibrated with 0.005 m potassium 
phosphate, pH 7.0. Elution was effected with ammonium phos- 
phate buffer, pH 6.5. A total volume of 440 ml of buffer was 
used and the concentration was increased linearly from 0.04 to 
0.08 m. The flow rate was about 0.7 ml per minute. Frac- 
tions of 15 ml were collected and the active enzyme was usually 
found between Fractions 10 and 20. 

Third DEAE-cellulose Column—Crystalline bovine serum al- 
bumin, 150 mg, was added to the pooled active material which 
was then dialyzed against 4 liters of the 0.005 m KHCO;-HCl 
buffer. After dialysis it was chromatographed on a third DEAE 
column which was exactly like the second. The resulting active 
fractions were combined and lyophilized and the dried material 
redissolved in a small volume of cold water. 


Enzyme II 


Acid and Ammonium Sulfate—About 800 ml of yeast extract 
were adjusted to pH 4.0 with 4.0 m formic acid, then to pH 
3.5 with 4.0 n HCl, and allowed to stand for 15 minutes. The 
pH was then readjusted to 4.9 with concentrated ammonia and 
the inactive precipitate removed by centrifugation. Ammo- 
nium sulfate, 29.1 g, was added per 100 ml of the solution and 
the active precipitate collected by centrifugation. The pre- 
cipitate was suspended in 40 ml of water and dialyzed against 
4 liters of 0.005 m sodium acetate buffer, pH 4.7, for 15 hours. 
The resulting inactive precipitate was removed by centrifugation. 

DEAE-cellulose Column—The enzyme was placed on a column 
of DEAE-cellulose (2.2 x 20 cm), the DEAE-cellulose being 
previously equilibrated with 0.005 m potassium phosphate buffer, 
pH 7.0, and packed by settling without external pressure. After 
the addition of enzyme to the column 30 ml of water were added 
and then 0.02 m potassium phosphate buffer, pH 7.0. The flow 
rate was usually 1 ml per minute, but with inadequately sedi- 
mented DEAE-cellulose it was sometimes much slower. Frac- 
tions of 15 ml were collected and the activity usually emerged 
between Fractions 8 and 20. The active fractions were com- 
bined and placed in a long Visking dialysis tube (diameter, $4 
inch). This tube was coiled to lie on the bottom of a large beaker 
and 20 g of Carbowax (15) were spread on the outer surface of 
the tubing. After 15 hours the enzyme solution was substan- 
tially concentrated. The tube was washed with water and the 
tube with contents then dialyzed against 4 liters of water for 
15 hours. 

Calcium Phosphate Column—The enzyme was removed from 
the dialysis tube and placed on a column (2.2 * 28 cm) of cal- 
cium phosphate (brushite) (6); 30 ml of water were allowed to 
flow into the column and then about 300 ml of 0.01 m phosphate 
buffer, pH 7.0. The flow rate was about 0.75 ml per minute. 
Fractions of 15 ml were collected. The activity usually emerged 
as a fairly sharp peak between Fractions 10 and 14. 


Enzyme ITI 


Acid and Ammonium Sulfate—About 800 ml of yeast extract 
were adjusted to pH 4.0 with 4.0 n formic acid and then to pH 
2.7 with 4.0 n HCl. After standing for 15 minutes the pH was 
readjusted to 4.9 with concentrated ammonia and the inactive 
precipitate was removed by centrifugation. Ammonium sulfate, 
29.1 g, was added per 100 ml of the solution and the precipitate 
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was collected by centrifugation. This precipitate was suspended 
in 40 ml of water and dialyzed against 4 liters of 0.005 m sodium 
acetate buffer, pH 4.7, for 15 hours. The inactive precipitate 
was removed by centrifugation. 

Calcium Phosphate—The active solution was treated with an 
equal volume of calcium phosphate gel containing 25 mg dry 
weight per ml. The gel was collected by centrifugation and 
was washed three times with an amount of water equal to that 
of the original enzyme solution, collecting it by centrifugation 
after each washing. The enzyme was then eluted with 0.1 m 
potassium phosphate buffer, pH 7.0, and the gel was discarded 
after centrifugation. 

A summary of the purification data for the three enzymes is 
presented in Table I. 


PROPERTIES OF ENZYME SYSTEM 


Stoichiometry of Reaction 1 and the Requirement for Three En- 
zymes—In Table II are data showing a 1:1 stoichiometric relation 
between TPNH utilization and methionine formation, in agree- 
ment with Reaction 1. The data of Table II, and of Figs. 1 and 
2, also show the dependence of the reaction upon the presence of 
each of the three enzymes. 

Stoichiometry of Reaction 2 and the Requirement for Enzyme I 
and II—The data in Table III show a stoichiometric relation 
between TPNH utilization and thiol formation. Two equiva- 
lents of the latter are formed from hydroxyethyl disulfide for 
each equivalent of TPNH utilized, in agreement with Reaction 
2. The data of this table, as well as of Figs. 1 and 2, also show 
the dependence of the reaction on Enzymes I and II. 

Relation of Reaction 1 to Reaction 2—In Table IV are the re- 
sults of an experiment with the three enzymes and both sub- 
strates, L( —)-methionine sulfoxide and hydroxyethyl disulfide. 
It is evident that in the presence of the two substrates together, 
the rate of utilization of TPNH is no greater than with either 
one alone. The amount of each substrate reduced, however, is 
much less when both are present than when either is present in- 
dividually. The sum of the amounts of the two substrates 
reduced together approximates the amount of TPNH utilized. 

Enzyme III is necessary for the inhibition of disulfide reduc- 
tion by L( —)-methionine sulfoxide. The L(+)-isomer of methio- 
nine sulfoxide is not reduced in the complete system and does 
not inhibit disulfide reduction. 

Identification of the Product of Sulfoxide Reduction—Methionine 
was identified as the product of reduction of L(—)-methionine 
sulfoxide by its reaction in the nitroprusside test (10) and by 
paper chromatography in two solvent systems. This identifica- 
tion was confirmed by column chromatography, in which an 
analysis for methionine by the nitroprusside test was confirmed 
by the method of Spackman et al. (16) (Table IV). The 1 
configuration of this product was indicated by its destruction in 
the presence of L-amino acid oxidase and its stability in the pres- 
ence of p-amino acid oxidase. 

Identification of Reduction Products of Disulfides—The reduc- 
tion products of disulfides were in most cases determined by 
methods specific only for the thiol group (11, 12). The reduc- 
tion product of L-cystine was further characterized by treating 
it with iodoacetate and identification of the resulting S-carboxy- 
methyl cysteine by a column chromatographic method (16). 

Specificity of Sulfoxide Reduction—The partially purified en- 
zyme system which catalyzes the reduction of 1u(—)-methio- 
nine sulfoxide is inactive with the L(+) isomer of this compound 


S. Black, E. M. Harte, B. Hudson, and L. Wartofsky 


2913 
TaBLeE IJ 

Stoichiometric formation of methionine and utilization of TPNH in 
Reaction 1 


The complete system contained initially in a volume of 0.5 ml 
the following: 50 umoles of potassium phosphate buffer, 1.7 zmoles 
of TPNH, 5.0 umoles of t(—)-methionine sulfoxide, 5 mg of crys- 
talline bovine serum albumin, and approximately 0.02 unit each 
of Enzymes I, II, and III. The pH was 7.0, the incubation 
temperature 30°, and the incubation time 1 hour. 














Experiment Te — 

umole pmoles 
Completemyatem,«......... osccccciscwonese’ 0.98 1.03 
Cnee IN Bs a5. 5s ssc Sensis tue 0.14 0.00 
Onmat Siemens Bhi 5 0.12 0.00 
Onet Dene Tide. 5s 6 ois. cae oe 0.10 0.00 
DPE Sor FRWUs =) ssc heehee 0.00 
L(+) Methionine sulfoxide for L(—)......| 0.14 0.00 
Omit GIOUIIEM 5 c45 6S: 5:0.03 ease ee Oe 0.85 0.95 





TaBLeE III 


Stoichiometric formation of thiol and utilization of TPNH 
in Reaction 2 
The complete system contained initially in a volume of 0.5 ml 
the following: 50 umoles of potassium phosphate buffer, 1.7 uzmoles 
of TPNH, 5.0 zmoles of hydroxyethyl disulfide, 5 mg of crystal- 
line bovine serum albumin and approximately 0.02 unit each of 
Enzymes land II. The pH was 7.0, the incubation temperature 
30°, and the incubation time 1 hour. A small blank was sub- 
tracted from each of the TPNH values. 

















Experiment Bix,§ gruel 

pmole pmoles 

Cotipinte avait. 6 oY case eekGen 0.66 1.32 
UNG TOMI Boas sv cv Pees weenie 0 0 
OM WHINE TE oo ocec oe ohn o Se eee 0 0 
DPI (68 Tlate. . . s. 3. Sees 0 

TaBLe IV 
Simultaneous reduction of L(—)-methionine sulfoxide and 
hydroxyethyl disulfide 


The complete system and the conditions for these experiments 
were as in the experiments of Table II except that 5.0 ymoles of 
hydroxyethyl] disulfide and 4.5 ymoles of TPNH were added and 
the incubation time was 2 hours. 











Experiment ae “nine i Pena) 
pmoles pmoles pmoles 
Cosamlete dypttttiics.....6..snvvsnsasveeees 2.3 0.92 2.3 
Omit t(—)-methionine sulfoxide........ 2.3 4.6 
Omit hydroxyethyl disulfide............ 2.6 2.5* 
COMMA SUUEMNND BEE. oo sicicse 5s cc casuneneee 2.1 4.4 
L(+) for L(—)-methionine sulfoxide....| 2.1 4.4 











* This value, 2.5 uymoles of methionine, was confirmed by col- 
umn chromatographic analysis. 


(Table IV) as well as with a mixture of the p(—) and p(+) 
isomers. A racemic mixture of the sulfoxides of pu-ethionine 
caused a TPNH consumption rate one-fourth of that found with 








2914 


TABLE V 
Reduction of several disulfides in Reaction 2 
The procedure is described in the text; 0.2 umole each of in- 
sulin and oxytocin were used, 1.0 umole each of p- and L-cystine 
and pD.-lipoic acid, and 5umoles each of all other tested substances. 





| TPNH oxidation rate, 
| pmoles per min X 10% 

















Disulfide i : 
Complete|nayme| Enzyme 

ee cate deaereranentr at Soap: ar are | 19 0 0 
L-Cystine. . 8 er Ue aE 0 0 
ES 5.20. ta lee tiryio. ase a pleas 18 0 0 
L-Homocystine................ eo RTE! 2 0 0 
IL He palate as tiie Ra Gage SO 10 0 3 
NaHS eee oxidized by air).......... 36 0 0 
Oxytocin. . i oh tee foe ae ae 
pL-Lipoic acid 2 FCS SUE AS SP RE en Sade 9 0 0 
Insulin (crystalline, zinc)................. 17 0 0 
2,3-dimercaptopropanol (partially oxidized 

2) SG ea eee 3 0 0 
5,5’-dithiobis(2-nitrobenzoic acid)........| 22* 0 0 





* This rate was determined from the increase in optical density 
at 412 my, as described in the text. 


TaBLeE VI 

Enzymatic reduction of disulfide bonds of insulin 
The system and conditions were as described for the Reaction 
2 test in the text. Readings were made after a 10-minute incu- 
bation. Crystalline zinc insulin, 0.2 mg, was used. The reaction 
was stopped by dilution with a 0.1 m solution of Tris chloride 
buffer, pH 8.0, containing 10-* m Na arsenite. Thiol was deter- 
mined by the method of Ellman (12). 
l 











Insulin TPNH Thiol 
| added utilized formed 
A iS tS aM. Satara Sealy «20 0.034 0.086 0.172 
ess Be pcaip gee Baar ac nat ioe oe Py 2.5 §.2 
TaBLeE VII 


Inactivation of Enzymes I and II with iodoacetate 


In the complete experiment solutions of Enzymes I and II 
corresponding to the most purified fractions of Table I were 
mixed; TPNH was added to this mixture to a concentration of 10-4 
M, and potassium iodoacetate to a concentration of 10°? mM. The 
pH was approximately 7.0. This solution was immediately di- 
alyzed against a large volume of cold water for 4 hours to remove 
excess iodoacetate. After dialysis the mixture was tested for the 
individual activities of Enzymes I and II, with the test procedure 
for Reaction 2 indicated in the text. 














Solution before dialysis Roane | Sarees 
% % 
2 > dg cin: asgetwaciend dep 0 0 
ee 95 95 
DPNH substituted for TPNH............ 94 94 
NB ER Peer errr 95 
eee PRs ere errr 0 





L(—)-methionine sulfoxide. A racemic mixture of the lower 
homologues, the sulfoxides of t-S-methylcysteine, was inactive 
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as a substrate as were also dimethyl sulfoxide, pt-methionine 
sulfone, pt-methionine sulfoximine, and the three tested isomers 
of 8-methionine sulfoxide, L(—), L(+), and p(+). 

Specificity of Disulfide Reduction—The reduction of disulfides 
appears to be relatively nonspecific as most of those tested 
participate to some extent in Reaction 2 (Table V). These 
include not only small molecules such as L- and p-cystine but 
also larger ones such as oxytocin and insulin. In insulin each 
of the three disulfide bonds appears to be susceptible to reduc- 
tion. In the experiment of Table VI, 2.6 disulfide bonds of 
insulin were accounted for as 5.2 equivalents of thiol. The 
disulfide bonds of ribonuclease and crystalline bovine serum 
albumin were not reduced to a measurable extent in the sys- 
tem. 

Specificity for TPNH—In both Reactions 1 and 2 TPNH 
cannot be replaced with DPNH (Tables II and III). 

Reversibility—Neither Reaction 1 or 2 could be demonstrated 
to be reversible by direct tests with the reaction products. In 
these tests t-methionine or mercaptoethanol were used in con- 
centrations up to 1.0 m. 

Substrate Affinity, pH Optima, and Heat Stability—Both 
Reactions 1 and 2 proceed optimally at approximately pH 7.0. 
In both reactions the affinity of the enzyme system for TPNH 
is too great to allow its K,, value to be determined by usual 
methods. The K,, value for L(—)-methionine sulfoxide was 
found to be 2 x 10-4. In Reaction 2 the K,, values for both 
L-cystine and pL-lipoic acid are between 1 and 2 x 107%. 

Fractions I, II, and III are all very labile to heat, being inac- 
tivated in a few minutes at temperatures over 50°. 

Todoacetate Inhibition—Both Reactions 1 and 2 are completely 
inhibited by 0.01 m iodoacetate. To determine which of the 
enzymes in the Reaction 2 system are sensitive to this inhibitor, 
several experiments were performed of the type recorded in 
Table VII. An enzyme or mixture of enzymes was treated with 
iodoacetate and then dialyzed to remove the unused free inhibi- 
tor which would otherwise interfere with subsequent activity 
tests. In this manner it was shown that in a mixture of Enzymes 
I and II iodoacetate inactivates both enzymes. TPNH is essen- 
tial for this inactivation to occur. Enzyme I treated similarly 
in the absence of Enzyme II is also inactivated. Enzyme II in 
the absence of Enzyme I is not inactivated and apparently re- 
quires both TPNH and Enzyme I to expose its iodoacetate- 
sensitive groups. 

Experiments similar to those of Table VII have shown that 
Enzymes I and II thus treated with iodoacetate are inactive in 
Reaction 1 as well as in Reaction 2. Enzyme III is also sensi- 
tive to iodoacetate and TPNH is essential in producing the in- 
hibition. The role of Enzymes I and II in the reaction of iodo- 
acetate with Enzyme III could not be clearly established, 
probably because III is not completely free of I and II. 

Arsenite Inhibition—Both Reaction 1 and Reaction 2 are 
strongly inhibited by arsenite. The presence of 10~* m mercap- 
toethanol potentiates this effect, so that either reaction is almost 
completely inhibited by 10~* m sodium arsenite. A similar 
mercaptoethanol effect on the arsenite inhibition of certain alde- 
hyde dehydrogenases has been observed by Jakoby (17). 

To determine which of the individual enzymes is sensitive to 
arsenite inhibition, experiments similar to those with iodoacetate 
were performed, taking advantage of the fact that the arsenite- 
inhibited enzyme is not significantly reactivated during short 
periods of dialysis. The experiments of Table VIII indicate 
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that for Reaction 2, only Enzyme I is inactivated by arsenite 
and that TPNH is required for this inactivation. Similar ex- 
periments have shown that Enzyme I treated in this way is also 
inactive in Reaction 1 and that arsenite-treated Enzyme II is not 
inactivated for Reaction 1. Experiments on the effect of arse- 
nite on Enzyme III were inconclusive. 

Other Inhibitors—In addition to the sensitivity of both Reac- 
tions 1 and 2 to inhibition by arsenite and iodoacetate, both are 
also completely inhibited by 10-* m p-chloromercuribenzoate. 
pt-Methionine sulfoximine (10~* m) reduces the rate of Reaction 
1 about 50%. 

Reduction of L(+)- and D(+)-Methionine Sulfoxide—In crude 
enzyme extracts of yeast three isomers of methionine sulfoxide 
are reduced by TPNH (18). The evidence indicates that 
another system, which may possibly have one or two enzymes in 
common with the one described here, exists in these extracts 
which catalyzes the reduction of the L(+) or p(+) isomers. 
This activity was separated from the one described early in the 
purification procedures. 

Endogenous Substrates for Reaction 2—Yeast extracts contain 
a number of endogenous substrates for Reaction 2 which are 
separated from the enzymes with great difficulty, particularly 
from Enzyme II. These appear to be disulfide substances of 
high molecular weight, undializable and precipitable with am- 
monium sulfate. 


DISCUSSION 


Mechanism—On the basis of the requirements for the exposure 
of iodoacetate-sensitive enzyme groups, it is possible provision- 
ally to assign to each of Enzymes I, II, and III a position in the 
series of events which leads to reduction of a disulfide or of sulf- 
oxide by TPNH. Enzyme | is inactivated by iodoacetate in the 
presence of TPNH and in the absence of Enzymes II and III, 
which suggests that it must be the primary reactant with TPNH. 
Enzyme II is not inactivated by iodoacetate unless Enzyme I as 
well as TPNH is present and it must, therefore, be the second 
participant, playing a role in an event which may involve a 
transfer of hydrogen or electrons from Enzyme I or an Enzyme 
I-TPNH complex. Enzyme III must occupy the third position 
since the first two have been pre-empted, and also because it 
confers upon a two-component system capable of reducing di- 
sulfides the additional capacity to reduce .L(—)-methionine 
sulfoxide. The following hypothetical scheme for the transfer 
of hydrogen or electrons from TPNH via Enzymes I and II to 
a disulfide, or via Enzymes I, II, and III to 1( —)-methionine 
sulfoxide, can therefore be considered: 


TPNH —~ I-—> II — Ill 


ge ¥ 


Disulfide Sulfoxide 


This hypothesis accounts for the suppression of reduction of each 
substrate by the other, without a lowering of the rate of TPNH 
consumption, by a competition between the substrates for the 
reduced form of Enzyme II. 1.(—)-methionine sulfoxide can 
compete only when the enzyme specific for its reduction, Enzyme 
III, is present. 

The arsenite sensitivity of Enzyme I suggests the presence in 
this unit of a closely juxtaposed pair of sulfhydryl groups such 
as has also been indicated in a number of aldehyde dehydrogen- 
ases (17). 
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Taste VIII 
Inactivation of Enzyme I by arsenite, and insensitivity 
of Enzyme II to arsenite 
The experiments were performed exactly as the experiments of 


Table VII except that 10-* m sodium arsenite and 10-* m mercap- 
toethanol were substituted for iodoacetate. 
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Enzyme I is much more abundant in the yeast extract than 
either Enzymes II or III, which suggests that it may play a role 
in processes other than those described here. One such possi- 
bility may be the reduction of inorganic sulfate to sulfite which 
in yeast is known to be TPNH-specific and arsenite-sensitive 
and to require the participation of several enzymes (19, 20). 

Sulfoxide Reduction—The capacity to reduce methionine sulf- 
oxides may be quite widespread in nature, since it has also been 
found in cells of Z. coli and in the rat (21-23). The function of 
such reducing systems may be to regenerate methionine from 
sulfoxide formed nonenzymatically in cells by exposure to oxygen 
or peroxide. However, the possibility of such reactions playing 
a role in oxygen or hydrogen transfer processes should not be 
overlooked. It has been suggested that methionine sulfoxide 
can be enzymatically formed by certain plant tissues (24). The 
existence in substantial quantities in some plants of one of the 
lower homologues of methionine sulfoxide, L(+)-S-methyl cys- 
teine sulfoxide (25, 26) together with the corresponding thioether 
(2), also suggests the existence of a metabolic role for this type 
of reaction. The possibility of methionine residues in proteins 
undergoing oxidation to sulfoxides and subsequent reduction 
must also be considered, although it is not yet known whether 
the system described here can catalyze the reduction of methio- 
nine sulfoxide residues in proteins. A methionine-methionine 
sulfoxide interchange has been suggested to have a role in the 
active transport of methionine across the intestinal membrane 
(27). 

Disulfide Reduction—Several well characterized enzymatic re- 
ductions of disulfide bonds have been described which involve, 
rather specifically, GSSG (28), lipoic acid (29-31), and homocys- 
tine (32). Evidence for and suggestions of other similar reac- 
tions have appeared (33-38). The system described here should 
have special practical usefulness because of the variety of disulfide 
compounds susceptible to reduction, ranging from hydroxyethyl 
disulfide to insulin. A practical advantage of this system over 
another more abundant one found in yeast (38) is that the disul- 
fides are reduced by TPNH without requiring the presence of 
GSH, which complicates analyses. 

Speculations relative to a metabolic function for the disulfide 
reducing system may include possible roles in the transformation 
of proteins or in the processes of cell division (34, 39). 

The Endogenous Substrate—A subject for further study is the 
nature of the endogenous substrates of Reaction 2. These ma- 
terials may represent a number of native or denatured proteins 
which are susceptible to this rather nonspecific enzymatic reduc- 
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tion. It is also possible that one or more of the substances are 
entities having metabolic functions which involve oxidation and 
reduction of disulfide bonds. A yeast factor having some of the 
properties of this endogenous material has recently been reported 
to stimulate the enzymatic reduction of inorganic sulfate to 
sulfite (20). 


SUMMARY 


An enzyme system, consisting of three separable proteins, 
which catalyzes the specific reduction of L(—)-methionine sulf- 
oxide to methionine by TPNH has been isolated from yeast. 
This reduction may be completely inhibited by arsenite or iodo- 
acetate. 

Two of the three enzymes required for L( —)-methionine sulf- 
oxide reduction, when present together, also catalyze a non- 
specific arsenite- and iodoacetate-sensitive reduction of disulfides 
to thiols by reduced triphosphopyridine nucleotide. Reducible 
by this'system are hydroxyethy] disulfide, L- or p-cystine, homo- 
cystine, pt-lipoic acid, oxidized glutathione, oxytocin, and the 
three disulfide bonds of insulin. 

Hypothetical mechanisms for the two reactions are proposed, 
and possible physiological roles discussed. 
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Numerous compounds have been investigated which are capa- 
ble of inhibiting the biosynthesis of nucleic acids with the ulti- 
mate goal of developing new chemotherapeutic agents. The 
pyrimidine analogue, 6-azauracil (as-triazine-3 ,5-dione) and its 
ribonucleoside, azauridine, exert carcinostatic activity against 
a number of experimental tumors (1) and have had preliminary 
clinical trials (2). The biochemical mechanism of action of 
these analogues has been ascribed to the formation in vivo of 
azauridine 5’-phosphate, a substance which inhibits the enzymic 
decarboxylation of orotidylic acid to uridylic acid (3, 4). This 
report presents kinetic studies on the mechanism of this inhibi- 
tion. 


EXPERIMENTAL PROCEDURE 


Azauracil and azauridine used in this study were either pre- 
pared in these laboratories or supplied by the Squibb Institute 
for Medical Reasearch or the California Corporation for Bio- 
chemical Research through the Cancer Chemotherapy National 
Service Center. The synthesis or isolation of the phosphorylated 
derivatives of azauridine has been reported earlier (5). Orotic 
acid-7-C™ was obtained from New England Nuclear Corporation. 
Orotidylic acid used in these studies was obtained from bacterial 
cultures the growth of which had been inhibited with azauridine 
(6). Orotidine was isolated from the urine of a patient who had 
received azauridine.! Orotidylic acid-7-C“ (6 ue per umole) 
was prepared by incubating orotic acid-7-C™ with a particle-free 
supernatant fraction from rat liver in the presence of azauridine 
(3 x 10-5 m), as previously described (4). The mixture was 
deproteinized at 0° by adding perchloric acid to a final concen- 
tration of 0.5m. After neutralization with potassium hydroxide 
to pH 8 and centrifugation, the mixture was adsorbed on a col- 
umn of Dowex 1-X4 (formate) and eluted in gradient fashion 
with 1 N ammonium formate. The orotidylic acid peak, com- 
prising 17 % of the original radioactivity, was adsorbed on Darco 
20-40 activated carbon and eluted with 50% aqueous ethanol 
containing 2.5% concentrated ammonium hydroxide. The sol- 
vent was evaporated under reduced pressure and the residue 
taken up in water. The radio purity of this material was demon- 
strated in the paper chromatographic systems previously de- 
scribed (7); furthermore, the material was completely decarboxy!- 
ated by purified orotidylic acid decarboxylase, an enzyme which 
has no action on orotic acid or its ribonucleoside, orotidine. 

Orotidylic acid decarboxylase was extracted from dried brew- 
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ers’ yeast according to the procedure of Lieberman et al. (8); a 
more highly purified enzyme (11.9 units per mg) used in this 
study was kindly prepared by Dr. W. A. Creasey. Unless other- 
wise noted, 0.05 m Tris (pH 8.0) was the buffer used in all reac- 
tions; the enzyme has no requirement for Mg*+ and is equally 
active in the presence of 1 x 10-* ethylenediaminetetraaacetic 
acid. The pH studies used phosphate-Tris buffers which were 
0.05 m with respect to each cation. The velocity of the de- 
carboxylation of orotidylic acid was followed spectrophotometri- 
cally at 285 my in a Beckman DU spectrophotometer (8). All 
measurements were made during the first 10 minutes while the 
rate of the reaction was linear with respect to time, and in no 
experiment was more than 50% of the orotidylic acid decarboxyl- 
ated. Decarboxylation of orotidylic acid-7-C“ was determined 
in Warburg flasks in Tris buffer (0.05 m, pH 8.0) with 2 n sodium 
hydroxide in the center well and 6 n perchloric acid in the side 
arm. Reactions were conducted in a total volume of 1.5 ml for 
10 or 20 minutes before tipping in the acid. Aliquots of the 
sodium hydroxide solution and flask contents were counted in a 
liquid scintillation counter as described previously (4). 


RESULTS 


In an earlier report, azauracil and azauridine have been dem- 
onstrated to be ineffective as inhibitors of orotidylic decarboxyl- 
ase at a concentration of 5 x 10-‘ mM, whereas azauridine-5’-P 
was active at 5 x 10-§ m (3). The following additional com- 
pounds at a concentration of 4 x 10-5 m caused less than 10% 
inhibition of the decarboxylation of orotidylic acid (5 « 10-5 m) 
in Tris buffer (0.05 m, pH 8.0) by 0.12 unit of enzyme per ml as 
measured spectrophotometrically: azauridine-2’- and 3’-P, azauri- 
dine 2’ ,5’-diphosphate, azauridine 3’ ,5’-diphosphate, azauridine 
5’-diphosphate and azauridine 5’-triphosphate, orotidine, UMP, 
and UDP. Higher concentrations of orotidine (1 x 10- m), 
UDP (1 x 10-* M), azauridine 2’, 5’ or 3’ ,5’-diphosphate (1 x 
10-‘ m) caused less than 10% inhibition of the decarboxylation 
of orotidylic acid-7-C™ (1 x 10-5 m) by 0.024 unit of enzyme per 
ml. UMP (1 x 10-* m) reduced by 35% the release of CO, 
under these conditions, but no inhibition was noted at a lower 
concentration (1 x 10-* m). Although orotidylic acid decar- 
boxylase has a broad pH optimum, the curve in the presence of 
inhibitor is much more narrow (Fig. 1). Presumably, the in- 
hibition produced by azauridine-5’-P is dependent upon the 
degree of ionization of the triazine ring (pKa = 7.0), as indicated 
in Fig. 1. To determine the reversibility of the inhibition pro- 
duced by azauridine-5’-P, two experiments were performed. The 
results of the first of these are depicted in Fig. 2. There it is 
shown that the decarboxylation reaction which was progressing 
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pH 
Fia. 1. Effect of pH on the inhibition of orotidylic acid decar- 
boxylase by azauridine-5’-P. The reaction rate was measured 
spectrophotometrically at 25° in Tris-phosphate buffers contain- 
ing orotidylic acid (5 X 10-5 Mm), enzyme (0.12 units per ml) and 
azauridine-5’-P (8 X 10-* m) where indicated. 
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Fic, 2. Reversal of azauridine-5’-P inhibition by pH changes 
The reactions were conducted at 25° in Tris-phosphate buffer 
(0.05 m, pH 8.0) containing orotidylic acid (1 X 10-4 m) and en- 
zyme (0.25 units per ml). Azauridine-5’-P (1.2 X 10-5 mM) was 
added after 5 minutes to one of the cuvettes. After 12 minutes, 
sufficient acid phosphate buffer (0.56 m, pH 3.0) was added to 
both cuvettes to reduce the pH to 5.8. 


at pH 8 was interrupted by the addition of the inhibitor; after 
5 minutes, the pH was reduced to 5.8 by the addition of acid 
phosphate buffer, a circumstance which permitted the reaction 
to proceed even in the presence of the inhibitor. Another dem- 
onstration of the reversible inactivation of the enzyme was af- 
forded by the adsorption of the inhibitor from the enzyme-in- 
hibitor complex by the use of Dowex 1 resin. 

Azauridine-5’-P (8 * 10-* m) was added to an aliquot of Tris 
buffer (pH 8.0, 0.05 m) containing 0.12 unit of enzyme per ml. 
The decarboxylation of orotidylic acid (5 x 10-5 m) by this en- 
zyme solution was inhibited by 65% under these conditions 
compared to a similar enzyme solution without azauridine-5’-P. 
Other 5-ml samples of the control and azauridine-5’-P-contain- 
ing solutions of the enzyme of the same composition were passed 
rapidly through 1-ml columns of Dowex 1-X4 (chloride, 200 to 
400 mesh). Under these conditions, full enzymic activity was 
retained in the control aliquot and the rate of the reaction cata- 
lyzed by the sample which originally contained azauridine-5’-P 


Azauridine-5'-P Inhibition of Orotidylic Acid Decarboxylase 


Vol. 235, No. 10 


was equal to the control when the assay was performed as indi- 
cated above at pH 8.0. Thus, it appears that the association 
between the enzyme and inhibitor is reversible and requires the 
triazine ring to be negatively charged. Finally, a kinetic study 
at pH 8 was performed with several concentrations of orotidylic 
acid and azauridine-5’-P; the results are presented in the con- 
ventional Lineweaver-Burk plot in Fig. 3. The K,, for orotidylic 
acid was determined by the release of radioactive CO, from oroti- 
dylic acid-7-C™ in the Warburg system and the data are presented 
in Fig. 4. The value obtained, 7-8 x 10-® M, indicates a higher 
affinity of orotidylic acid in this enzyme than that reported for 
a less purified preparation (7). Using this value for K,,, a K; of 
7-8 X 10-7 may be calculated. 
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Fig. 3. Kinetic study of azauridine-5’-P inhibition of orotidylic 
decarboxylase. All reactions were conducted at 25°, in Tris buffer 
(0.05 m, pH 8.0) and with 0.05 units of enzyme per ml. The ve- 
locity was determined spectrophometrically 5 and 10 minutes 
after addition of the enzyme. 
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Fia. 4. The effect of substrate concentration on the velocity of 
orotidylic acid decarboxylation. The reaction was conducted in 
Warburg flasks shaken at 25° containing Tris buffer (0.05 m, pH 
8.0), purified enzyme (0.015 units), and orotidylic acid (14,000 
c.p.m.) and a final volume of 1.5ml. The reaction was terminated 
after 10 minutes by tipping in perchloric acid and the flasks shaken 
for an additional 15 minutes. The released C402 was determined 
by counting 0.1-ml aliquots of the sodium hydroxide in the center 
well in a liquid scintillation counter. 
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DISCUSSION 


The unexpected finding that azauridine exerts its most effective 
blockade in the synthesis of pyrimidine nucleotides de novo 
through orotic acid led ultimately to findings implicating oroti- 
dylie acid decarboxylase as the primary site of action (4). It 
may be reasoned that this antimetabolite is ambivalent in its 
mimicry, since it is sufficiently similar to uridine that phosphory1- 
ation presumably is catalyzed by uridine kinase. Indeed, in the 
physiological pH range, approximately 50% of the triazine is 
unionized, a form which closely resembles uridine in its ionic and 
steric configuration. Conversely, the active form of the inhibitor 
appears to be the ribonucleotide in which the negatively ionized 
triazine ring predominates in solutions above pH 7. The close 
ionic similarity between azauridine-5’-P and orotidylic acid in 
which the carboxyl group is ionized in the physiological pH range 
is apparent. It is interesting to note that azauridine resembles 
orotidine in certain respects in that it is not susceptible to nu- 
cleosidase attack (4); however, unlike azauridine, there is pre- 
sumptive evidence that orotidine cannot be phosphorylated by 
either mammalian (4) or bacterial systems? to yield the corre- 
sponding ribonucleotide. Although it might be inferred from 
these enzyme studies that the growth inhibition caused by azauri- 
dine could be overcome by orotic acid in a competitive manner, 
neither bacterial (9) nor mammalian studies* have borne this 
out. In part, this may be due to the poor permeability of most 
bacterial or mammalian cells to orotic acid. However, this 
cannot be the only reason since Lactobacillus bulgaricus 09-X, an 
organism which utilizes orotic acid as a source of pyrimidines 
for growth, is not spared from azauracil inhibition by excess orotic 
acid (9). More probably, excess levels of orotic acid cannot by 
mass action increase sufficiently the level of orotidylic acid in 
cells since orotidylic acid strongly inhibits its own synthesis. 

The accumulation (6, 10) of large amounts of orotic acid and 
orotidylic acid in cultures of Escherichia coli B which were in- 
hibited by azauracil can be explained by the above results. The 


2 Personal communication from Dr. L. Wright to Dr. P. Reich- 
ard, The Nucleic Acids (E. Chargaff and J. N. Davidson, eds.) 
Vol. II, p. 301, Academic Press, 1955. 

3C. A. Pasternak, G. A. Fisher, and R. E. Handschumacher, 
submitted for publication, Cancer Research. 
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uracil or uridylic acid detected in these same cultures reflect a 
limited conversion of the orotidylic acid in the medium to uridylic 
acid and subsequent cleavage of this latter nucleotide. This 
conversion would be favored by the acidic conditions which result 
from prolonged incubations, since azauridine-5’-P is ineffective 


as an inhibitor, and cell lysis would provide the necessary en- 
zymes. 


SUMMARY 


Azauridine 5’-phosphate has been demonstrated to be a com- 
petitive inhibitor of orotidylic acid decarboxylase of yeast. 
Other phosphorylated derivatives of azauridine are non-inhibi- 
tory, as are orotidine and uridine diphosphate. Only a minor 
degree of product inhibition was noted with uridine 5’-phosphate. 
The enzyme-inhibitor complex can be dissociated either by low- 
ering the pH below 6 or by selectively adsorbing the inhibitor 
on Dowex 1 resin. The significance of these results to bacterial 


and mammalian studies with azauracil and azauridine has been 
discussed. 
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The major energy source of the mature mammalian erythro- 
cyte in the peripheral circulation is derived from the metabolism 
of glucose, which can proceed by way of the Embden-Meyerhof 
and hexose monophosphate shunt pathways. The essential 
roles of adenosine triphosphate in the metabolism of glucose and 
of other compounds suggested that a study of its metabolism 
in the erythrocyte might provide information related to the life 
span of this cell. Specifically, the purine portion of the adeno- 
sine triphosphate of the rabbit erythrocyte was studied in an 
attempt to determine whether or not the adenosine triphosphate 
present in the cell at the time of its release into the peripheral 
circulation persists during the life of the cell. 

In order to compare the metabolic stability of the adenine 
portion of ATP with that of the heme of hemoglobin, glycine- 
2-C™, a precursor of each of the compounds (3, 4), was adminis- 
tered to a group of rabbits. At several time intervals, adenine 
and hemin were prepared from ATP and from hemoglobin and 
their specific activities were determined. During the course of 
this study, GTP was found to be present in the rabbit erythro- 
cyte, and the investigation was extended to include this com- 
pound. 

Unlike the hemoglobin, which is metabolically stable during 
the life of the mammalian erythrocyte (5), the purine portions 
of the ATP and GTP were found to be in a dynamic state. 


EXPERIMENTAL PROCEDURE 


Administration of Glycine-2-C'*—Each of a series of adult male 
New Zealand white rabbits averaging about 4 kg in weight, re- 
ceived, subcutaneously, a single injection of 200 uc glycine-2-C™ 
(1 me per mmole) in isotonic (0.9%) sodium chloride solution. 
At each of seven time intervals after administration of the iso- 
tope, one or two animals were sacrificed. One hour before ex- 
sanguination each animal received a single subcutaneous injec- 
tion of 1 ml of a solution of heparin (50 mg per ml) in isotonic 
sodium chloride. The rabbits were exsanguinated by cardiac 
puncture immediately after an intraperitoneal injection of 2.0 
ml of a solution of 25% magnesium sulfate. 


* Preliminary reports of this work have been published (1, 2). 
This work was supported by research grants from the National 
Institutes of Health (H-2803) of the United States Public Health 
Service, Atomic Energy Commission (AT(30-1)1855), Office of 
Naval Research (NONR-1765(01)), and the Damon Runyon 
Memorial Fund for Cancer Research, Inc. (DRG-339A). 

+ Present address, Government Hospital, Tel-Hashomer, 
Israel. 


Preparation of Barium ATP from Erythrocytes—The total 
blood obtained by exsanguination was centrifuged at 2500 r.p.m., 
in an International centrifuge, size 1, model SBV, for 10 min- 
utes in the cold. The plasma and buffy coat were removed and 
the erythrocytes were washed three times with cold isotonic 
sodium chloride solution. The leukocytes averaged 0.007% of 
the total number of cells in the washed erythrocyte samples, 
A 10-ml sample of packed cells was removed for the preparation 
of hemin. 

The remainder of the erythrocyte sample was extracted twice 
with about 1 volume each of cold 15% and 7.5% trichloroacetic 
acid. The combined extracts were adjusted to neutrality, and 
the nucleotides were precipitated as barium salts. 

Ion Exchange Chromatography—1. Preparation of solution for 
chromatography. The nucleotides in the barium precipitate 
were converted to their sodium salts. A diluted neutral solution 
was loaded on to a column of washed Dowex 1-X2 (chloride) 
(200 to 400 mesh, 6.0 cm X 4.5 cm?). 

2. Column elution. The ion exchange column was eluted 
stepwise, at a rate of about 10 ml per minute with dilute HCl as 
described by Cohn and Carter (6) and by Bartlett e¢ al. (7). 
Concentrated fractions were assayed for ultraviolet absorbancy, 
ribose (8), inorganic P, 7-minute hydrolyzable P and total P 
(9). The AMP, ADP, and ATP were eluted respectively with 
0.01, 0.04, and 0.06 n HCl. 2,3-Diphosphoglyceric acid, the 
major phosphorus-containing compound of the erythrocyte, was 
eluted together with the ATP in 0.06 n HCl. 

It was also possible to identify and to separate the guanine 
nucleotides in these preparations. GTP, the guanine nucleo- 
tide present in greatest amount, was eluted with 0.1 n HCl. 
GMP was eluted together with ADP in 0.04 n HCl whereas 
GDP was eluted with 0.06 n HCl before elution of the ATP. 

3. Hydrolysis of ATP and preparation of adenine. ATP was 
hydrolyzed in dilute HCl and adenine was prepared by elution 
from Dowex 1 (7). The adenine fractions were consistently 
shown to be free of orcinol-reacting material, and contained 
neither organic nor inorganic phosphorus. The optical density 
ratios at 250, 260, and 280 my were in good agreement with 
published values (10). The adenine was homogeneous on paper 
chromatograms in several solvent systems and was of constant 

specific radioactivity. 

4. Hydrolysis of GTP and preparation of guanine. The 
fractions containing GTP were combined and hydrolyzed in 
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dilute HCl. Guanine hydrochloride was chromatographed on 
Whatman No. | paper and its specific activity was determined. 

Preparation of Muscle ATP—Muscle ATP was prepared from 
hind leg:and back muscles removed immediately after exsan- 
guination (11). Samples of ATP thus obtained were purified 
on a Dowex 1 ion exchange column, and were hydrolyzed as 
described for erythrocyte ATP. Adenine, in pure form; was 
obtained by ion exchange chromatography. 

Preparation of Nucleic Acids—Immediately after exsanguina- 
tion, several organs (liver, kidneys, small intestine) were re- 
moved, cut into small pieces; and frozen in Dry Ice-alcohol. 
The frozen tissue was homogenized in an Osterizer and filtered. 
The homogenate was resuspended in ethanol and ether, and was 
filtered and dried. 

A portion of the dry homogenate was extracted with hot 10% 
NaCl and the crude sodium nucleate was precipitated by the 
addition of 2.5 volumes:of ethanol. The sodium nucleate was 
hydrolyzed by a modification of the procedure of Schmidt and 
Thannhauser (12), and the ribonucleotides were separated on a 
Dowex 1 ion exchange column by the procedure of Cohn (13). 
The adenylic and guanylic acids were hydrolyzed; the purines 
were chromatographed on a Dowex 1 column and their specific 
activities were determined. 

Preparation of Hemin—Hemin was prepared by the method 
of Anson and Mirsky (14). The radioactivity was determined 
on standard samples in planchets containing 16 mg per cm?. 

Radioactivity Assays—A Nuclear-Chicago gas flow counter 
with Micromil window was employed for radioactivity assays. 
Except for the hemin, all compounds were plated on stainless 
steel planchets as-infinitely thin films. Most samples were 
counted for a sufficient length of time to assure a standard error 
no greater than 5%. 

Studies in Vitro—The studies in vitro were carried out with 
erythrocytes that had been obtained from adult rabbits by car- 
diac puncture. The blood collected in heparin, was centrifuged 
in the cold, and after removal of plasma and buffy coat, the cells 
were washed twice with cold isotonic sodium chloride solution. 
The studies concerned with synthesis de novo were carried out 
with a labeled purine precursor (glycine-2-C™ or sodium formate- 
C') in plasma, isotonic sodium chloride solution, or isotonic 
sodium phosphate buffer (pH 7.2). The incubation media were 
supplemented with glucose and in most cases with the several 
precursors of the purine ring. 

In a similar manner, the utilization of adenine-8-C™“, hypo- 
xanthine-8-C¥ and adenosine-8-C™ for purine nucleoside triphos- 
phate formation was investigated. 

The incubations were carried out at 38 + 1° in a constant 
temperature room on a shaking table at 100 cycles per minute. 
At the end of the incubation period, the cell suspensions were 
centrifuged in the cold and the supernatant solutions were re- 
moved. The cells were washed three times with isotonic sodium 
chloride solution and were extracted twice with equal volumes 
of cold 15% and 7.5% trichloroacetic acid. Barium salts were 
prepared, and the purine nucleotides were isolated as described 
above. 


RESULTS AND DISCUSSION 


The relationship of the specific activities of the hemin pre- 
pared from hemoglobin and of the adenine prepared from ATP 
to the time after glycine-2-C™ administration is shown in Fig. 1. 

From the hemin curve the life span of the rabbit erythrocyte 


B. A. Lowy, B. Ramot, and I. M. London 
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Fic. 1. Specific activities of the adenine of ATP, the guanine 
of GTP and the hemin of hemoglobin of the rabbit erythrocyte 
after the administration of glycine-2-C™. 


may be estimated to be about 65 days, a value which is in agree- 
ment with the findings of Neuberger and Niven (15) in rabbits 
fed glycine-N'®. The shape of the life span curve and the ab- 
sence of a definite plateau indicate that a fraction of the circu- 
lating erythrocytes undergoes random destruction, that is, de- 
struction unrelated to cell age. This type of curve has also been 
described by Neuberger and Niven (15). 

The radioactivity of the adenine portion of ATP indicates 
that glycine serves as a precursor of the adenine portion of the 
ATP of the erythrocyte. Although both the ATP and hemin 
curves exhibit an initial rise in specific activity, the exponential 
decline in the activity of the adenine of ATP after several days 
is in marked contrast to the relative metabolic stability ex- 
hibited by the hemin prepared from hemoglobin. 

The shape of the curve of specific activities of the guanine of 
GTP plotted against time was found to be quite similar to the 
curve derived from the adenine-ATP data. The specific activity 
of the guanine was generally somewhat higher than that of the 
adenine, and this difference may be a reflection of the different 
pool sizes of the two nucleotides. 

In order to determine whether the shape of the purine curves 
could result from renewal of the nucleotides, or more specifically, 
of their purine portions, within the circulating erythrocyte, the 
capacity of the cell to synthesize purine nucleotides de novo was 
examined. 

Washed rabbit erythrocytes were incubated with the purine 
precursors, sodium formate-C“ or glycine-2-C™ in plasma, iso- 
tonic sodium phosphate buffer (pH 7.2) or isotonic sodium chlo- 
ride, under a variety of conditions supplemented with glucose 
and, in most experiments, with the other small molecule pre- 
cursors of the purine ring (glycine or sodium formate, aspartic 
acid, glutamine, sodium carbonate) (2). In a number of experi- 
ments, ATP and GTP were also added. Although the erythro- 
cyte is reputedly impermeable to these compounds (16-18) it 
appeared possible that reactions taking place at the cell mem- 
brane might utilize phosphate bond energy without actual entry 
of the phosphorylated compound into the cell. The addition of 
sodium nucleate, in several experiments, was prompted by the 
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TABLE I 


Utilization of preformed purines and purine nucleoside for purine 
nucleotide synthesis in rabbit erythrocyte 




















Incubated* Isolated 
Compound —— | Activity Aiesine of —_ of 
} 
total wmoles uc | cpm/pmole 
Adenine-8-C™.......... 15 | 10 | 65,000 | 1,300 
Hypoxanthine-8-C™.... 15 10 | 8,700 50,000 
Adenosine-8-C"*........ 75 10 | 2,500 5,000 








* 25-ml aliquots of rabbit erythrocytes in 25-ml isotonic phos- 
phate buffer (pH 7.2) incubated with glucose (150 umoles) at 37° 
for 3 hours. 


TABLE II 
Specific activity of purines from mized-organ ribonucleic acid 
(RNA) and from muscle adenosine triphosphate (ATP) 











Mixed-organ RNA | Muscle ATP 
Days after glycine-2-C | 
administration : 
Adenine Guanine Adenine 
c.p.m./pmole 
1 102 a) 8 
2 148 124 12 
5 66 71 7 
13 39 43 | 9 
26 32 14 
55 8 10 | 7 
66 6 10 | 8 











observation of Allfrey and Mirsky (19) that, in calf thymus 
nuclei, polynucleotides were required for ATP formation by 
phosphorylation reactions. In one of the experiments with so- 
dium formate-C™, inosine was included to assure a source of 
ribose phosphate by means of the purine nucleoside phosphoryl- 
ase reaction (20). In all of these experiments, the failure to 
detect any significant labeling in the purine portion of either 
ATP or GTP suggested that the mature rabbit erythrocyte 
lacks the capacity for synthesis de novo of purine nucleotides 
in vitro. The inability of this cell to synthesize nucleic acids is 
well known. 

The possibility that the purine nucleoside triphosphates of 
the rabbit erythrocyte may arise from preformed purines, after 
their reaction with 5-phosphoribosylpyrophosphate, was then con- 
sidered. The suggestion has been made that purines synthe- 
sized in one or more tissues (e.g. liver) may serve as precursors 
of purine-containing compounds in other tissues unable to syn- 
thesize purines de novo (21). Preiss and Handler (22) have 
shown that acetone powders prepared from human erythrocytes 
contained a nucleotide pyrophosphorylase capable of converting 
adenine, hypoxanthine, or guanine to their corresponding nucleo- 
tides. 

In order to assess this pathway as a possible mechanism for 
erythrocyte ATP and GTP syntheses, both adenine and hy- 
poxanthine were examined as potential precursors. Evidence 
for the ability of these compounds to serve as precursors of 
nucleotides in the rabbit erythrocyte is presented in Table I. 
Although adenine-8-C™ was utilized efficiently for the formation 
of the adenine of ATP, it was converted to the guanine of GTP 
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to only a slight extent. Hypoxanthine-8-C", however, was 
well utilized for both ATP and GTP formation, and the ratio 
of the specific activities of the purine portions of ATP and GTP 
was inversely proportional to the approximate pool sizes of 
these compounds in the erythrocyte as determined by column 
chromatography. This finding suggests that the hypoxanthine- 
8-C™ was used about equally well for the formation of both 
adenine and guanine and also suggests that the limiting step in 
the formation of GTP from adenine-8-C* is the deamination of 
adenylic acid to form inosinic acid. It is of interest to note 
that GTP is a required cofactor for the conversion of inosinic 
acid to adenylic acid (23). 

The utilization of the purine ribonucleoside, adenosine-8-C¥, 
was also investigated. Considerable labeling of the purine 
portions of both ATP and GTP resulted after incubation with 
adenosine-8-C™“ (Table I). Although an enzymic phosphoryla- 
tion of adenosine to form AMP may be possible (24), the rabbit 
erythrocyte is known to contain both adenosine deaminase (25) 
and purine nucleoside phosphorylase (26) which will convert 
adenosine to hypoxanthine and ribose 1-phosphate. Although 
the utilization of adenosine by means of hypoxanthine may 
represent the major mechanism of utilization, the possibility of 
direct phosphorylation of adenosine or of phosphorylation and 
amination of inosine must be allowed. 

The possibility of exchange between ATP in plasma and in 
erythrocytes, similar to that observed with cholesterol (27), 
seems unlikely in view of the reported impermeability of the 
erythrocyte to ATP and the absence of adenine nucleotides in 
the plasma of the peripheral venous blood. 

Of the three possible mechanisms of renewal of ATP, namely, 
over-all synthesis de novo, exchange, and utilization of preformed 
purines, only the last possibility appears to have an experimental 
basis. Although the capacity for purine nucleotide formation 
from preformed purines has been demonstrated in the erythro- 
cyte, its functional significance remains to be clarified. The 
work of Thomson et al. (28) and of Lajtha and Vane (21) has 
suggested that this pathway may play an important role in 
rabbit bone marrow in view of its requirement for a rapid rate 
of nucleic acid synthesis and its limited ability for the synthesis 
of purines de novo (29). The ability of the mature erythrocyte, 
to utilize purines for nucleoside triphosphate formation may 
represent no more than a nonfunctional remnant; it is possible, 
however, that it may represent a mechanism for the maintenance 
of the purine nucleotide content of the cell. 

A mechanism of renewal based upon the demonstration that 
the mature rabbit erythrocyte has the capacity for the final 
reactions of the pathway de novo for purine nucleotide biosyn- 
thesis is considered in the succeeding paper (30). 

An explanation for the observed decline in the specific activity 
of the adenine of ATP that is not the result of a renewal mecha- 
nism within the individual cell would be a gradual loss of ATP 
in the individual erythrocyte during the aging process, resulting 
in a decreased contribution, per cell, by the older cells to the 
total ATP of the general cell population. It is interesting to 
note that Rapoport et al. (31, 32) have reported that the reticu- 
locyte, the immediate precursor cell of the erythrocyte, contains 
about 2.5 times the amount of ATP as the average erythrocyte 
in the circulation. Recently Lohr et al. (33) have reported 4 
decline in the ATP content of the human erythrocyte during its 
life span accompanied by an equivalent rise in the level of ADP. 
It is also known that during aging in vitro the adenine nucleo- 
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tide level of the stored erythrocyte declines rapidly with a con- 
comitant decrease in cell viability, as determined by post-trans- 
fusion survival studies (34-36). 

A major store of ATP exists in skeletal muscle. In order to 
compare the metabolic activity of the ATP of muscle with that 
of the ATP of the erythrocyte, adenine was prepared from the 
ATP of the muscles of the hind legs and back of the exsangui- 
nated rabbits. It was found that the adenine obtained in this 
way was labeled to only a very small extent (Table II). The 
very slight incorporation of isotopic carbon may be the result 
of a low turnover rate of the purine portion of ATP or of the 
large pool size of muscle ATP, or of both. 

The specific activities of the purines of RNA prepared from 
several pooled organs were also determined (Table II) and are 
similar to those of the purines of ATP and GTP of the erythro- 
cyte (Fig. 1). Although no particular significance can be attrib- 
uted to this similarity, the data do suggest that the rates of re- 
newal of purines of pooled tissue nucleic acids and of nucleotides 
of the erythrocyte are roughly of the same order of magnitude. 

SUMMARY 

After the administration of glycine-2-C“ to rabbits, it was 
found that the purines of the erythrocyte adenosine triphosphate 
and guanosine triphosphate do not exhibit the metabolic sta- 
bility characteristic of the hemoglobin. The renewal rates of 
the purines of the adenosine triphosphate and guanosine tri- 
phosphate of the erythrocyte and of the purines of mixed organ 
ribonucleic acid are similar. 

The mature rabbit erythrocyte is unable to utilize glycine or 
sodium formate in vitro for purine nucleotide biosynthesis de 
novo, but can utilize adenine, hypoxanthine, and adenosine for 
the synthesis of adenosine triphosphate and guanosine triphos- 
phate. 
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The mature mammalian erythrocyte is deficient in a number 
of metabolic processes that are present in almost all other types 
of mammalian cells. It is unable to synthesize nucleic acids 
and proteins and cannot, therefore, undergo reproduction (3). 
It does not have a complete functioning tricarboxylic acid cycle, 
although some of the enzymes (e.g. isocitric dehydrogenase, 
fumarase, malic dehydrogenase) of this metabolic sequence are 
present (4). 

The finding that the purine portions of both ATP and GTP 
do not exhibit the metabolic stability associated with hemoglo- 
bin suggested the possibility of a metabolic turnover of these 
molecules (5). Evidence for the absence in the mature rabbit 
erythrocyte in vitro of the over-all pathway de novo of purine 
nucleotide biosynthesis from the purine ring precursors has been 
reported (1, 6). 

The study presented in this paper was undertaken to deter- 
mine whether a portion of the purine biosynthetic sequence de 
novo exists within the mature rabbit erythrocyte. The results 
demonstrate that this cell is able to carry out the final steps of 
this sequence in vitro. 


EXPERIMENTAL PROCEDURE 


Incubation in Vitro—Erythrocytes from adult New Zealand 
white rabbits were prepared for incubation in vitro as described 
previously (6), and were added to an incubation medium con- 
sisting of an isotonic (pH 7.2) sodium phosphate buffer, plasma, 
or 0.9% sodium chloride and containing a radiocarbon-labeled 
precursor, sodium formate-C™ or glycine-2-C™, and the supple- 
ment under study in the individual experiment. After the in- 
cubation period, at 38 + 1°, in a constant temperature room 
with shaking at 100 cycles per minute, the erythrocyte suspen- 
sion was centrifuged. The erythrocytes were washed three 
times with 0.9% sodium chloride, in the cold, and the cells were 
extracted successively with cold 15% and 7.5% trichloroacetic 
acid. 

The pH of the combined extracts was adjusted to neutrality 
and the nucleotides and sugar phosphates were precipitated as 
barium salts. 

lon Exchange Chromatography—The barium precipitates were 


* Preliminary reports of this work have been published (1, 2). 
This work was supported by research grants from The National 
Institutes of Health (H-2803, A-2655) of the United States Public 
Health Service, the Atomic Energy Commission (AT (30-1)1855), 
and the Office of Naval Research (NONR-1765(01)). 


converted to the sodium salts which were chromatographed on 
Dowex. 1 ion exchange columns (6). The ATP and GTP were 
isolated, and the free purines were prepared by dilute acid hy- 
drolysis followed by ion exchange and/or paper chromatography, 
The specific radioactivities were determined. 

Compounds—The compounds used were obtained commer- 
cially. Dr. Ralph Barclay kindly provided the samples of 
L-azaserine (O-diazoacetyl-L-serine) and diazooxonorleucine (6- 
diazo-5-oxo-L-norleucine). 

Degradation of Adenine—A sample of adenine, obtained from 
experimentally derived ATP, was diluted with unlabeled ade- 
nine and degraded to 4-amino-5-imidazolecarboxamidine by 
heating with 6 n HCl in a sealed bomb tube at 150° for 2 hous 
(7). The product was chromatographed on Whatman No. | 
paper by the ascending technique, with n-butanol, isobutyric 
acid, water, and ammonia (relative volumes, 75:37.5:25:2.5) as 
the solvent system, and its specific radioactivity was determined. 

Uptake and Metabolism of Purine Nucleosides—The uptake 
and metabolism of inosine and of 5-amino-1-ribosyl-4-imidazole- 
carboxamide by the erythrocyte were studied by incubating a 
16% suspension of washed rabbit erythrocytes in isotonic s0- 
dium phosphate buffer (pH 7.2) as previously described (8). 
The extent of uptake of ribose and its subsequent metabolism 
were calculated, and lactic acid assays were performed (8). 


RESULTS AND DISCUSSION 


It has been shown recently that biosynthesis de novo of the 
purine nucleotides from sodium formate-C" or glycine-2-C™, and 
the other small molecule precursors (Fig. 1), does not occur in 
the mature rabbit erythrocyte in vitro (6). In order to deter- 
mine whether the final reactions leading to purine nucleotide 
synthesis may occur in this cell, 5-amino-1-ribosyl-4-imidazole- 
carboxamide was incubated with sodium formate-C™ in isotonic 
sodium phosphate buffer containing glucose and washed rabbit 
erythrocytes. The relationship of the ribosyl compound to 
purine nucleotide synthesis is indicated in Fig. 1. Considerable 
labeling of both the adenine of ATP and the guanine of GTP 
resulted (Table I). The specific activity of the guanine was 
consistently about 10 times greater than that of the adenine. 
This difference may be a reflection of the different pool sizes of 
their nucleotides since the total ATP concentration of the 
erythrocyte is about 10 times greater than that of the GTP, 
estimated from the elution of these compounds from the ion ex 
change columns. 
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adenylic acid 


glutamine glycine formate 


carbon dioxide 
aspartic acid 


! 


5-amino-1-ribosyl- 
4- Pts weer monies sane 


i 


4-amino-5-imidazolecarboxamide 


5-amino-1-ribosyl- 
— 4-imidazolecarboxamide ——————— inosinic acid 
5/-phosphate 


adenylosuccinic acid 
jspantic acid, GTP 
formate 
xanthylic acid 
[sutamine ATP 


guanylic acid 


Fig. 1. Relationship of 5-amino-1-ribosyl-4-imidazolecarboxamide to purine nucleotide biosynthesis. 


The labeled adenine obtained from ATP was degraded to 
4-amino-5-imidazolecarboxamidine (7). The absence of signifi- 
cant radioactivity in the degradation product indicated that 
the label was localized in carbon 2 of the adenine, a finding that 
is expected if the sodium formate-C" is utilized for completion 
of the purine ring of the aglycone of the ribosyl carboxamide. 
If the sodium formate-C™ had been utilized for the synthesis of 
purine by means of the pathway de novo, comparable labeling of 
both carbon 2 and carbon 8 of the adenine would have resulted. 

It is apparent that the mature rabbit erythrocyte possesses 
the enzymatic mechanism for the formation of 10-formy] tetra- 
hydrofolic acid (9, 10) and for the final steps of biosynthesis of 
the purine nucleotides. The inability to synthesize purine nu- 
cleotides de novo in this cell must result, therefore, from the ab- 
sence of one or more reactions before the formation of 5-amino- 
1-ribosy]-4-imidazolecarboxamide 5’-phosphate. 

The incorporation of formate-C™ into the nucleoside triphos- 
phates was found to proceed at an approximately constant rate 
over a 3-hour period (Table II). The maximal incorporation of 
formate-C™ into ATP and GTP occurred at a ribosyl carboxam- 
ide concentration of about 1.5 mm in the incubation medium 
(Table IIT). 

Harrington (11) and Thomson et al. (12) have suggested that 
the enhancing effect of ribosyl carboxamide on formate-C™ 
utilization for purine nucleotide synthesis in the mouse ascites 
tumor cell is a function of the ribose moiety. They have dem- 
onstrated, in fact, that the effect of the ribosyl compound is not 
specific and that it is also elicited by glucose. In the rabbit 
bone marrow, however, the enhancement of sodium formate-C™ 
utilization for purine synthesis was not obtained when glucose 
replaced the ribosyl carboxamide. Similarly, as evident from 
the data of Table I, the presence of glucose in an erythrocyte 
incubation did not result in formate-C™ incorporation into the 
purine nucleotides, in the absence of the ribosyl compound. 

Sonne et al. (13) and Levenberg et al. (14) have shown that 
glutamine reactions, especially that leading to nitrogen 3 of 
the purines, may be extensively inhibited by L-azaserine and 
diazooxonorleucine. In view of the role of glutamine in the 
formation of GTP from inosinic acid, the effects of the two 
inhibitors on the formation of ATP and GTP from sodium for- 
mate-C and 5-amino-1-ribosyl-4-imidazolecarboxamide in the 
rabbit erythrocyte were investigated. The results are summa- 
rized in Table IV. The inhibition of incorporation of radiofor- 
mate into the guanine of GTP at the high level of L-azaserine is 
readily apparent. Even more striking is the extensive inhibi- 
tion of the formation of labeled guanine at much lower levels of 
diazooxonorleucine. In the presence of 15 umoles of the latter, 


TaBLeE [ 


Biosynthesis of adenosine triphosphate and guanosine triphosphate 
in rabbit erythrocyte in vitro 











Incubated* Isolated 
pumoles c.p.m./pmole 
A 
Sodium formate-C™ (20 ue)....| 150 0 0 
Glucose, L-aspartic acid, L- 
SCN io how pre 150 
Glycine, sodium carbonate. ... 75 
B 
Sodium formate-C"™ (20 ye).... 75 1860 11,400 
5-Amino-1-ribosy]-4-imidazole- 
COTOOMRTAIER 6. 28s. 5. 6 oes 37.5 
GUNGRUE thsi ois ic ekneieees 150 














* 25-ml aliquots of washed rabbit erythrocytes incubated in 
25-ml isotonic sodium phosphate buffer (pH 7.2) for 3 hours at 
39°. 


TABLE II 
Effect of incubation time on biosynthesis of adenosine triphosphate 
and guanosine triphosphate from sodium Sasa C4 and 














§-amino-1-ribosyl-4-imidazolecarb ide 
| Isolated 
Incubation time* 
Adenine of ATP Guanine of GTP 
hours | c.p.m./ymole 
Of 4 
0.5 | 626 2,650 
1.0 960 4,750 
2.0 | 1620 8,700 
3.0 2570 12,500 





* 25-ml aliquots of washed rabbit erythrocytes in 25-ml isotonic 
sodium phosphate buffer (pH 7.2) incubated, at 37° with sodium 
formate-C' (20 ue, 75 wmoles), 5-amino-1-ribosyl-4-imidazole- 
carboxamide (37.5 umoles), and glucose (150 wmoles). 

t Zero time, 3°, in plasma. 


it was possible to inhibit completely the utilization of sodium 
formate-C™ for GTP synthesis with only a negligible effect on 
the labeling of the ATP. At levels as low as 0.03 umole per. ml 
of erythrocytes, 75% inhibition of GTP-formation was observed. 
In agreement with the report of Levenberg et al. (15), diazooxo- 
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TaB_e III 
Effect of concentration of ribosyl AICA* and of sodium formate-C 
on incorporation of radiocarbon into purines of adenosine 
triphosphate and guanosine triphosphate 





Incubatedt Isolated 





Ribosyl AICA Py Adenine of ATP | Guanine of GTP 





| 
| 
| 
| 


umoles c.p.m./pmole 


1.5 75 140 6,480 
7.5 75 450 9,800 
37.5 75 820 10,050 
75.0 75 770 9,600 


, 
| 








* Ribosyl AICA, 5-amino-1-ribosyl-4-imidazolecarboxamide. 

+ 25-ml aliquots of washed erythrocytes in 25-ml isotonic sodium 
phosphate buffer (pH 7.2) incubated with glucose (150 umoles) 
at 37° for 3 hours. 

t 20 ue in each incubation vessel. 


TaBLeE IV 
Effect of t-azaserine and diazooxonorleucine on purine nucleotide 
biosynthesis from sodium formate-C“ and 
§-amino-1-ribosyl-4-imidazolecarboxamide 

















Isolated 
Incubated prs | " ; , 
ATP of | Inhibition | “OTP ” Inhibition 
pmoles c.p.m./pamole | % c.p.m./pmole % 
L-Azaserine* | 
0 1725 12,000 
6.7 1610 | 7 | 12,400 (0) 
33.7 1690 | (0) | 9,800 19 
135. 1740 | (0) | 4,740 61 
Diazooxonorleucinef | 
0 3770 | 16,700 
0.75 3550 | 6 | 4,120 75 
3.75 3280 12 | 1,560 91 
15.0 3190 15 | 413 98 





*22-ml aliquots of washed erythrocytes in 22-ml isotonic 
sodium phosphate buffer (pH 7.2) incubated with sodium formate- 
C* (20 uc, 67.5 umoles), 5-amino-1-ribosyl-4-imidazolecarboxamide 
(33.7 pmoles), and glucose (135 umoles) at 37° for 3 hours. 

t 25-ml aliquots of washed erythrocytes in 25-ml isotonic sodium 
phosphate buffer (pH 7.2) incubated with sodium formate-C"* 
(20 we, 75 pwmoles), 5-amino-1-ribosyl-4-imidazolecarboxamide 
(37.5 umoles), and glucose (150 wmoles) at 37° for 3 hours. 


norleucine was found to be far more effective than L-azaserine 
in the inhibition of a glutamine reaction. Abrams and Bentley 
(16) have recently made similar observations in their study of 
the effect of several inhibitors on the formation of GMP from 
xanthylic acid with a partially purified enzyme preparation from 
calf thymus. 

The incubation of rabbit erythrocytes, in isotonic (pH 7.2) so- 
dium phosphate buffer, containing sodium formate-C™, 4-amino- 
5-imidazolecarboxamide, and glucose, resulted in a labeling of 
the purine portion of ATP and GTP, presumably by way of 
a reaction of the imidazolecarboxamide and 5-phosphoribosyl 
pyrophosphate (17). The extent of labeling, however, was less 
than that observed when the ribosyl compound was used. 

The finding that 5-amino-1-ribosyl-4-imidazolecarboxamide 
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may be cleaved to its aglycone by a nucleoside phosphorylase 
from beef liver (18) suggested that the mechanism of utilization 
of the ribosyl compound in the rabbit erythrocyte be investi- 
gated further. The substrate specificity of the rabbit erythro- 
cyte enzyme was studied by determining the ribose uptake by 
the cell from the ribosyl carboxamide and the subsequent me- 
tabolism of any ribose 1-phosphate produced to form lactic acid 
(8). From the data in Table V, it is clear that, in comparison 
with inosine, little, if any, lactic acid resulted from incubation 
with the ribosyl carboxamide and that no significant metabolism 
of the ribose from the latter compound was demonstrated within 
the cell. The extent of its uptake into the cell was of the same 
order of magnitude as that found with other compounds that 
were not metabolized in the human erythrocyte (8). It may be 
concluded that the utilization of ribosyl carboxamide for purine 
nucleotide synthesis in the rabbit erythrocyte does not involve 
initial cleavage to the aglycone by nucleoside phosphorylase. 
Further evidence is also provided that its role in the reactions 
described is not merely to provide a source of carbohydrate, as 
appears to be the case in the mouse ascites tumor cell (11, 12). 

In the course of washing the erythrocytes before incubation, 
the buffy coat, consisting mainly of white blood cells, was care- 
fully removed. Nevertheless a small number of white cells are, 
inevitably, included in erythrocyte preparations. Reticulocytes, 
immature cells of the erythroid series, are also present to a 
slight extent. In view of the active metabolism of these cell 
types it was necessary to consider their possible influence on the 
data obtained in this study. 

The contribution of the white cells was investigated by inten- 
tionally enriching an aliquot of erythrocytes with white cells to 
an extent eight times greater than the number usually present 
in the washed erythrocyte preparation (i.e. from about 16 white 
cells per 100,000 erythrocytes to about 125 white cells per 100,- 
000 erythrocytes). From the data obtained after incubation 
with sodium formate-C™ and ribosyl carboxamide, it was con- 
cluded that any contribution by the limited number of white 
cells to the specific activity of the isolated purine nucleotides 
was negligible. 

The contribution of the reticulocyte to the present data has 
been judged to be insignificant for two reasons. Studies in this 
laboratory have indicated that rabbit reticulocytes, obtained by 
acetyl phenylhydrazine induced anemia or by bleeding, are ca- 
pable of synthesizing purine nucleotides de novo from sodium for- 
mate-C™ or glycine-2-C™ in the absence of the ribosyl carbox- 


TABLE V 


Uptake and metabolism of ribose and formation of lactic acid from 
inosine and from ribosyl AICA* in rabbit erythrocyte 














Incubatedt | Ribose 
Lactic acidf 
Compound yaad | Uptake Metabolized 
pmoles/ml | % % pmoles/ml 
ee 10 | 63 38 3.3 
Ribosyl AICA....... 10 22 1 .20 
Ribosyl AICA...... 2 | 34 ll .14 





* Ribosyl AICA, 5-amino-1-ribosyl-4-imidazolecarboxamide. 

t Incubated as 16% erythrocyte suspension in isotonic sodium 
phosphate buffer (pH 7.2) at 37° for 2 hours. 

t Postincubation suspension. Corrected for control. 
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amide. When the latter replaced the small precursors, in the 
presence of sodium formate-C™, the specific activity of the ade- 
nine of ATP was about four times greater than that obtained in 
the presence of the small precursors. In view of the lack of in- 
corporation of sodium formate-C™ into ATP adenine in the ab- 
sence of the ribosyl compound in the mature cell (Table I), the 
contribution of the reticulocytes to the results in this study ap- 
pears to be insignificant. Furthermore, in all studies to date 
with the reticulocyte, on the incorporation of sodium formate-C™ 
or of glycine-2-C™ in the presence of small precursors, or on the 
incorporation of sodium formate-C" into the ribosyl carboxam- 
ide, the specific activity of the guanine of GTP was always far 
less than that of the adenine of ATP. These results are in dis- 
tinct contrast to the relative adenine-guanine specific activities 
found in the experiments with the mature erythrocyte. It is 
clear that with maturation of the reticulocyte significant changes 
occur in the capacity of the cell for the synthesis of purine nu- 
cleotides. 

Despite its inability to carry out the biosynthesis de novo of 
purine nucleotides, the mature rabbit erythrocyte has been 
shown capable of effecting the final reactions required for com- 
pletion of the purine ring and for the formation of purine nucleo- 
side triphosphates. It remains to be determined whether or 
not this partial biosynthetic capacity is of any significance in 
the maintenance of the concentrations of the purine nucleotides 
in the circulating erythrocyte. The functional significance will 
depend, in part, on the availability to the erythrocyte of a com- 
pound such as the ribosyl carboxamide. Pertinent to this sug- 
gestion is the recent report of the presence of aminoimidazole 
carboxamide in human urine (19). 


SUMMARY 


The mature rabbit erythrocyte in vitro lacks the ability to 
synthesize adenosine triphosphate and guanosine triphosphate 
de novo from sodium formate in the presence of the several pu- 
rine precursors, but can carry out the final steps of the pathway 
de novo from sodium formate and 5-amino-1-ribosyl-4-imidazole- 
carboxamide. 
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In the presence of O-diazoacetyl-L-serine or of 6-diazo-5-oxo- 
L-norleucine extensive inhibition of the synthesis of the guanine 
of guanosine triphosphate results, but there is only a minimal 
effect on the synthesis of the adenine of adenosine triphosphate. 
5-Amino-1-ribosyl-4-imidazolecarboxamide does not serve, to 
any significant extent, as a substrate for the purine nucleoside 
phosphorylase of the rabbit erythrocyte. 
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Crude, cell-free extracts of Clostridum propionicum catalyze the 
decomposition of diphosphopyridine nucleotide to adenosine, ri- 
bosyl nicotinamide and two equivalents of orthophosphate. 
Under the assay conditions used, this DPN-degrading activity 
was uniquely dependent upon co-existent electron transport ac- 
tivity (1). The unusual nature of this system prompted a more 
intensive study of the nucleotidases of this organism. The re- 
sults reported in this and Paper II of this series support the con- 
clusion that there are at least four separate enzymes specifically 
activated by ferrous iron, and that the requirement for electron 
transport activity observed with crude extracts is to reduce the 
protein-bound ferric iron to the ferrous state. Evidence is pre- 
sented showing the existence of two pairs of enzymes: the first 
of these is a nucleotide pyrophosphatase that catalyzes the ini- 
tial hydrolytic cleavage of the pyrophosphate bond of DPN; the 
second enzyme catalyzes the hydrolytic removal of the 5’-phos- 
phate of the resultant two mononucleotides. Differentiation of 
these enzyme activities is based upon their susceptibility to in- 
hibition by ethylenediaminetetraacetate (0.04 m), resistance to 
heat denaturation and substrate specificity. The present paper 
describes the partial separation, purification, and some properties 
of the various enzymes. The second paper (2) is concerned with 
the EDTA!-resistant DPN pyrophosphatase with particular re- 
gard to the phenomenon of its enzymatic activation by electron 
transport systems. 


EXPERIMENTAL PROCEDURE 


The following substrates were purchased from commercial 
sources: DPN, deamino-DPN, ATP, CMP, CDP, CTP, IMP, 
ITP, GMP, UDP, UTP, PP-ribose-P, and CoA from Pabst 
Laboratories; riboflavin-P, TPN, ADP, glucose-6-P, adenosine 
tetraphosphate, UMP, and GTP from Sigma Chemical Com- 
pany; AMP, GDP, and IDP from Nutritional Biochemical 
Corporation; 2’-AMP, 3’-AMP, and 8-C%-AMP from Schwarz 
Laboratories; FAD from Takeda Pharmaceutical Industries. 
Nicotinamide mononucleotide and ribosyl nicotinamide were 
gifts from Dr. L. Grossman. Yeast alcohol dehydrogenase was 
obtained from Nutritional Biochemical Corporation. 

C. propionicum was grown as previously described (3) with 
a-alanine as the major carbon and nitrogen source. After wash- 
ing the freshly harvested bacteria with 0.03% NaS-9H.0 solu- 


* United States Public Health Service Special Research Fellow 
of the National Heart Institute. 

1The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; NMN, nicotinamide mononucleotide. 


tion, they were lyophilized and stored at —20°. Cell-free ex- 
tracts were prepared by suspending the lyophilized cells (4 g./ 
100 ml) in 0.01 triethanolamine HCl buffer, pH 7.5. After 
30 minutes the cells were disrupted by two 5-minute periods of 
sonic oscillation in a Raytheon 10-kc magnetostrictive oscillator. 
Particulate matter was removed by centrifugation at 18,000 x 
g for 15 minutes, and the supernatant solution was stored at 4°. 

Enzymatic Assay—The dephosphorylation of AMP was esti- 
mated by measuring the amount of phosphate liberated; DPN 
was measured by the yeast alcohol dehydrogenase assay. Ina 
volume of 0.5 ml the components of a typical assay for EDTA- 
sensitive nucleotide monophosphatase (Enzyme 1) included: 
triethanolamine hydrochloride buffer pH 7.5, 50 umoles; GSH 
(pH 7.0), 10 wmoles; FeSO,, 10 wmoles; AMP, 10 umoles; and 
enzyme sufficient to catalyze the decomposition of 0.5 to 2 
pmoles of AMP. Samples were incubated in 10 X 75 mm test 
tubes in air for 30 minutes at 30°. The reaction was stopped by 
the addition of 0.1 ml of 10% HClO, and the precipitate was re- 
moved by centrifugation. Aliquots, 0.2 ml, of the deproteinized 
reaction mixture were used for measurement of P;. Assay mix- 
tures for the EDTA-sensitive DPN pyrophosphatase (Enzyme 
2) were the same as above except DPN (2 umoles) was added in 
place of AMP. Residual DPN was estimated in 0.2-ml aliquots 
of the deproteinized reaction mixtures after neutralization of the 
HClO, with KOH. When indicated, P; liberated from DPN 
was measured in another aliquot of the reaction mixture. 

Assays for the EDTA-resistant DPN pyrophosphatase (En- 
zyme 3) were identical to those for Enzyme 2 except for two 
modifications: the addition of 20 umoles of potassium EDTA 
(pH 7.5) to the reaction mixture to insure inactivation of con- 
taminating Enzyme | and 2 activities; and thorough flushing of 
the incubation tubes with helium before stoppering them. 

The EDTA-resistant nucleotide monophosphatase (Enzyme 
4) was assayed in the same manner as Enzyme 1 except for the 
presence of 20 umoles of potassium EDTA (pH 7.5) in the reac- 
tion mixture. 

A unit of enzyme activity is defined as the amount needed to 
catalyze the release of 0.1 umole of P; or the disappearance of 
0.1 umole of DPN per 30 minutes. 

Analytical Methods—Protein was measured by either the 
method of Gornall et al. (4) or Warburg and Christian (5). In- 
organic phosphate determinations were performed by the method 
of Fiske and SubbaRow (6). DPN was measured by the method 
of Ciotti and Kaplan (7). Extraction of organic phosphate for 
radioactive phosphate estimations was done by the method of 
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TaBLeE I 
Purification-of enzymes 
Enzyme 1 Enzyme 2 Enzyme 3 Enzyme 4 
Fraction Protein 
Activity | Specific | Recov-| Activity | Specific | Recov-| Activity | Specific | Recov-| Activity | Specific | Recov- 
units activity ery units activity ery units activity ery units activity ery 
mg units/mg % units/mg % units/mg % units/mg % 
Sonic extract.......... 1144 90,800 77 66,800 58 49 , 800 44 39, 200 34 
Isoelectric precipi- : 
tation 
ee aliplererapaean beg 374 79,000 211 87 | 38,700 104 58 7,400 20 15 | 19,100 51 49 
WEP Os. 2.201. 3 205 80, 200 391 88 38,400 188 58 4,770 23 12 
DE S.76.....45... 55 154 27,800 175 31 24,100 157 36 4,700 31 9 4,690 30 12 
Ammonium sulfate 
fraction, 0.50-0.75. .. 17.3 8,700 503 10 5,880 340 9 1,940 112 4 2,710 157 7 


Eluate from Cy gel 


adsorption.......... 1 | 6,020 | 5,550 7 4,900 | 4,520 


Fraction heated 5 min 
BG TUE oo cccl ack cee 4 2,990 | 2,630 3 
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Nielsen and Lehninger (8). Chromatographic identification of 
reaction products was accomplished, with the use of the system 
of Burton and San Pietro (9) and those listed by Hurlbert (10). 
Measurement of N-substituted nicotinamide was by the pro- 
cedure of Colowick et al. (11). Adenosine was measured by the 
method of Kornberg and Pricer (12). 


Purification of Enzymes 

All operations were done at 0—4°. 

Isoelectric Precipitation—To 40 ml of extract containing 1.14 
g of protein were added 20 ml of water. This solution was 
adjusted to pH 5.0 by the dropwise addition of 1.0 m sodium 
acetate pH 4.0 during continuous magnetic stirring. After 10 
minutes’ equilibration, the precipitate was removed by centrif- 
ugation at 18,000 x g for 15 minutes and discarded. All subse- 
quent additions of acid and centrifugations were done in the same 
way. 

To 53 ml of the pH 5.0 supernatant solution were added ap- 
proximately 2 ml of 1.0 m sodium acetate solution pH 4.0 to lower 
the pH to 4.5 After equilibration, the precipitate was removed 
and discarded. Acetic acid, 1 M, was added to the pH 4.5 su- 
pernatant solution to acidify it to pH 3.75. Again the precipi- 
tate was removed by centrifugation and discarded. The super- 
natant solution was brought to pH 7.5 by the dropwise addition 
5n KOH. 

Ammonium Sulfate Precipitation—To 67 ml of the above solu- 
tion were added 18.9 g of solid ammonium sulfate to bring the 
solution to 0.50 saturation. The precipitate was removed by 
centrifugation and discarded. To the supernatant solution were 
added 11.0 g of ammonium sulfate, bringing the solution to 0.75 
saturation. The precipitate obtained by centrifugation was im- 
mediately dissolved in 10 ml of 0.1 m triethanolamine HC! buffer, 
pH 7.5. 

Alumina Cy Gel Adsorption and Elution—The above solution 
was diluted to a protein concentration of 0.75 mg per ml with 
water and acidified to pH 6.95 with 1.0 Nn HCl. Five milliliters 
of aged alumina Cy gel (31.6 mg per ml) (13) were added and 
allowed to equilibrate 15 minutes after mixing. The solution 
was centrifuged, the supernatant solution was discarded, and the 
gel was eluted twice with 10-ml portions of 0.5 m K2H.P.O; buffer 
pH 8.5, and the eluates were pooled. This eluate was acidified 


to pH 8.0 with 1.0 n HCl and then dialyzed for 12 hours against 
4 liters of 0.01 m triethanolamine HCl buffer, pH 7.5. The di- 
alyzed solution could be stored at —20° with no appreciable 
change in activity after 3 months. 

Heat Fractionation—A portion of the gel eluate was heated for 
5 minutes at 100° and then cooled rapidly to 0° in an ice bath. 
There was no visible precipitate noted after heating and cooling, 
but the nucleotide pyrophosphatase activity was completely de- 
stroyed. 

Table I presents the results of the purification of the Fe*+t- 
dependent nucleotidase activities of C. propionicum. Enzymes 
1 and 2 were purified approximately 75-fold, and Enzyme 3 ap- 
proximately 30-fold, by the procedures through the gel adsorp- 
tion step. The final heat fractionation, which allowed the sep- 
aration of Enzyme 1 from Enzyme 2, caused a fall in specific 
activity. In no preparation was Enzyme 2 obtained completely 
free of Enzyme 1 activity. No Enzyme 4 activity was recovered 
in the Cy gel eluate. This nucleotide monophosphatase could 
also be separated from Enzyme 3 by heating the 0.50 to 0.75 
saturated ammonium sulfate fraction to 100° for 5 minutes, 
which completely inactivated Enzyme 3. Purification of En- 
zyme 4 never exceeded 5-fold. 


RESULTS 


Differentiation of Nucleotidase Activities—Table II summarizes 
the properties of the various ferrous iron-dependent nucleotidase 
activities of C. propionicum which allow their separation into 
four distinct types. Since these enzymes catalyze the decom- 
position of a broad range of substrates, no exact names can be 
applied in terms of principal substrate attacked. However, En- 
zymes 1 and 4 appear to have primarily nucleotide monophos- 
phatase activity and are assayed by measuring their decomposi- 
tion of AMP; Enzymes 2 and 3 are predominantly nucleotide 
pyrophosphatases and will be referred to as DPN pyrophospha- 
tase. Enzymes 3 and 4 can be measured readily without inter- 
ference from activities of Enzymes 1 and 2, by the incorporation 
of 0.04 m EDTA in the reaction mixture. This provides a basis 
for a practical division of activities into EDTA-sensitive (En- 
zymes 1 and 2) and EDTA-resistant (Enzymes 3 and 4) groups. 
Subdivision of the EDTA-sensitive group is achieved by heat 
treatment. Heating for 5 minutes at 100° completely inactivates 
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TABLE II 
Comparison of various ferrous iron-dependent nucleotidases 


The assay conditions used for comparing the different nucleotidase activities are as follows. 


A reaction mixture contained in 0.5 


ml: 50 umoles triethanolamine HCI buffer pH 7.5; 5 umoles ferrous sulfate; 2 umoles substrate (AMP, DPN, ADP, ATP, or UDP); and 


approximately 10 ug enzyme protein. 


Incubation, 30 minutes at 30°. 


The described effects with heat, EDTA, GSH, and inhibitors are 


applicable when AMP is the substrate tested with Enzymes 1 and 4; DPN is the substrate for Enzymes 2 and 3; and EDTA is present 


with Enzymes 3 and 4. 



























































Nucleotidase Effect of heat, Activity in pre- Effect of inhibitors iced chain | Relative substrate activity* 
activity 100° for 5 min aa = glutathione 
| Na fluoride, 10 mu K iodoacetate, 1 mu DPN | ADP | ATP UDP 
| 
Enzyme 1 Resistant None Inhibited Inhibited | Slightly stimulated | 0} 107 | 63 119 
Enzyme 2 Sensitive None Uninhibited | Uninhibited | Markedly stimulated| 109 64 62 112 
Enzyme 3 Sensitive Active Uninhibited | Markedly inhibited | Markedly inhibited | 114 11 0 6 
Enzyme 4 Resistant Active Uninhibited | Markedly inhibited | Markedly inhibited | O 0 
* Compared to AMP as 100. 
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Fig. 1. Influence of the concentration of diphosphopyridine 
nucleotide on its rate of decomposition. Each tube contained in 
a volume of 0.5 ml: 50 umoles triethanolamine-HC!l buffer pH 7.5; 
10 wmoles GSH, pH 7.0; 10 uymoles FeSO,; 2 ug enzyme protein; 
and DPN as indicated. Incubation, 30 minutes at 30°. 


Enzyme 2, but has little effect on the activity of Enzyme 1. Fur- 
ther differences of these two activities are elicited by their re- 
sponse to a variety of metabolic inhibitors, notably NaF (10 mm) 
and iodoacetate (1 mm), and by different rates of decomposition 
of selected substrates. Separation of the nucleotide monophos- 
phatase (Enzyme 4) from the DPN pyrophosphatase (Enzyme 
3) of the EDTA-resistant group is possible either by adsorption 
of Enzyme 4 on Cy gel or by heat inactivation of Enzyme 3. 

Effect of Substrate Concentration on Rate of Reaction—N ucleo- 
tide monophosphatase: the maximal rate of decomposition of 
AMP occurs at substrate concentrations of approximately 5 mm. 
No evidence of substrate inhivition was observed at the highest 
concentration tested, 20 mm. The K,, calculated from a Line- 
weaver-Burk (14) plot of the data is 104mm. DPN pyrophos- 
phatase: the maximal rate of decomposition of DPN occurs at 
substrate levels of approximately 5 mm (Fig. 1). Higher concen- 
trations of DPN result in marked inhibition of DPN pyrophos- 
phatase activity. 


ase) activity. Each tube contained in a volume of 0.5 ml: 10 
umoles AMP; 20 umoles GSH, pH 7.0; 5 umoles FeSO,; 5 ug enzyme 
protein; and 50 umoles of buffers (TEA-HCl, triethanolamine 
hydrochloride; propanediol, 2-amino-2(hydroxymethy]l)1,3-pro- 
panediol) as indicated. Incubation, 30 minutes at 30°. 


Effect of Enzyme Concentration—With all four enzymes, the 
rate of decomposition of both AMP and DPN is directly pro- 
portional to the concentration of enzyme. In most enzyme 
fractions used for these studies, the specific activity of the nucleo- 
tide monophosphatase was greater than that of the DPN pyro- 
phosphatase. 

Kinetics—A linear relationship exists between the logarithm 
of residual AMP concentration and time, indicating that the 
reaction follows first order kinetics at AMP concentrations less 
than 4mm. At substrate concentrations routinely used (40 mm) 
the reaction follows zero order kinetics. First order kinetics 
characterizes the DPN pyrophosphatase reaction with substrate 
concentrations of less than 4 mm. In view of this fact, the rate 
of decomposition of DPN in 30 minutes does not give a true 
measure of enzyme activity. However, in practice, a nearly 
linear relationship between enzyme concentration and activity 
is observed. 

Effect of pH—Fig. 2 shows that the velocity of the nucleotide 
monophosphatase reaction remains quite constant between pH 
6.0 and 9.2, and is approximately 60% of maximum at the ex- 
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tremes tested. No significant differences were observed with 
the use of a variety of buffers. Similar characteristics were ob- 
served for the DPN-degrading reaction which had a maximal 
velocity at pH 7.5 and approximately 20% of this rate at pH 
5.4 and 9.8. 

Effect of Ferrous Iron Concentration—Although FeSO, was rou- 
tinely used in the assay of Enzymes 1 and 2, FeCl. worked just 
as well. Fig. 3 shows the effect of increasing concentrations of 
Fe** upon the velocity of AMP and DPN degradations. For 
both EDTA-sensitive enzymes under the usual conditions of 
assay in the presence of GSH, 20 mm Fe++ was saturating. In 
the absence of GSH, 30 mm Fe++ was required. This difference 
may be due, in part, to a protective effect of GSH in maintaining 
the iron in a reduced form. However, that this is not the whole 
effect of GSH is suggested by comparison of reaction rates of 
tubes incubated in air and in a helium atmosphere. Only a 15 
to 25% increase in reaction rates under anaerobic conditions was 
observed. 

The effect of Fe+*+ concentration on the reaction rate of EDTA- 
resistant nucleotidases is reported in the accompanying paper 
(1). 

Effect of Other Ions—Ferrous iron was the most effective of 
all metals tested in stimulating both nucleotide monophosphatase 
and pyrophosphatase activities. The following metals (usually 
as the chloride salts) were tested at 0.01m concentrations: Mg**, 
Mn++, Hg**, Ba*t, Cu*t, Zn*+*, Catt, Cd**, Nit+, Sn*+, Pb*+, 
Bit+, Al+++, and Fet++. Only Bit+ and Mn*+ caused any ac- 
tivation of Enzyme 1, and these metals were only 10 to 15% as 
effective as comparable concentrations of Fe++. None of the 
metals tested was capable of substituting for Fe++ in activating 
Enzymes 2, 3, or 4. 

Effect of Heat—The remarkable heat stability of the nucleotide 
monophosphatases was used to differentiate and separate them 
from the heat-sensitive DPN pyrophosphatases. The data of 
Fig. 4 show that the activity of Enzyme 2 is completely destroyed 
by heating 1 minute at 100° (pH 7.5), whereas the activity of 
Enzyme 1 is reduced only 25%. Even after 5 minutes of heat- 
ing, 50% of Enzyme 1 activity remains; further heating, up to 
20 minutes, produces relatively little additional inactivation. 
Enzyme 1 activity can be completely destroyed by heating for 
20 minutes at pH 2.0. A similar heat stability of Enzyme 4 is 
shown, whereas Enzyme 3 shows complete heat inactivation in 
5 minutes. 

From the data in Fig. 4 one can place an upper limit on the 
amount of contaminating nucleotide monophosphatase activity 
in the purest available solution of Enzyme 2. Since Enzyme 2 
is completely inactivated by 1 minute of heating to 100°, all 
monophosphatase activity of Enzyme 1 preparations at 1 minute 
is due to the latter enzyme alone. This activity is 75% of the 
unheated value, which means that no more than 25% of the total 
monophosphatase activity of this protein fraction can be due to 
Enzyme 2. Probably there is even less contamination since a 
portion of this loss in activity is likely due to heat inactivation 
of Enzyme 1. 

Effect of Glutathione and Other Mercaptans—Glutathione is ef- 
fective in stimulating the EDTA-sensitive nucleotidases when 
ferrous iron is also present; there is no activation by GSH in the 
absence of added iron. As is shown by Fig. 3, the amount of 
ferrous sulfate needed for maximal enzymatic activities is less in 
the presence than in the absence of GSH. With various lots of 
enzyme tested at 0.01 m levels of ferrous salts, the addition of 
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Fic. 3. Influence of ferrous iron concentration on the velocity 
of adenylic acid and diphosphopyridine nucleotide decomposition. 
Tubes for DPN pyrophosphatase (DPNase) assay contained in a 
volume of 0.5 ml: 50 umoles triethanolamine-HCl buffer, pH 7.5; 
2 umoles DPN; 1.6 ug enzyme protein; and FeSO, as indicated. 
Tubes for nucleotide monophosphatase (AMPase) assay contained 
10 zmoles of AMP instead of DPN. 10 umoles of GSH per tube 
were present in tubes of Curves 1 and 8. Incubations, 30 minutes 
at 30°. 
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Fig. 4. Effect of heat on various nucleotidase activities. 


enzyme solution was heated in 0.1 m triethanolamine- HCl buffer 
pH 7.5, for the indicated time. 


Each 


GSH (0.02 m) usually caused a 2- to 7-fold increase in the activity 
of DPN pyrophosphatase and less striking, but consistent, aug- 
mentation of nucleotide monophosphatase activity. In only one 
freshly prepared nucleotide monophosphatase solution was there 
no augmentation of activity by GSH. When this preparation 
was tested again after 3 weeks’ storage and repeated freezing and 
thawing, GSH then produced a 20% increase in activity. 

In other experiments, not to be described in detail, it was found 
that maximal activation of Enzyme 2 is obtained with 0.02 m 
GSH; high levels (0.08 m) were not inhibitory. Other mercap- 
tans, viz. cysteine and 2-mercaptoethanol (0.02 m), are as effective 
as GSH. 
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Taste III 
Effect of inhibitors 
' Each tube contained in a volume of 0.5 ml: 50 umoles triethanol- 
amine HCl buffer pH 7.5; 5 wmoles ferrous sulfate; 1.5 ug enzyme 
protein; 10 zymoles AMP, or 1.83 ymoles DPN; and inhibitors as 


Nucleotidases of Clostridium propionicum. I 


























indicated. Incubation, 30 minutes at 30°. 
Per cent of control activity 
Inhibitor Concentration 
Enzyme 1 | Enzyme 2 | Enzyme 3 
M 
Sodium fluoride 0.1 13 97 80 
0.01 32 105 102 
0.005 55 109 105 
K-iodoacetate 0.001 79 102 110 
0.0001 87 101 114 
p-Chloromercuri- 0.002 28 98 69 
phenyl] sulfonate 0.0002 70 105 83 
p-Chloromercuriben- 0.00005 74 90 79 
zoate 
K-EDTA 0.04 15 0 
0.004 53 32 
0.0004 91 64 
0.00004 106 80 
K-arsenate 0.1 35 15 27 
0.01 48 83 37 
Orthophosphate 0.1 96 51 69 
0.01 100 71 87 
ATP 0.001 105 21 
TaBLe IV 


Stoichiometry of adenylic acid and diphosphopyridine 
nucleotide cleavage 
Standard assay conditions were used. Ribosyl nicotinamide 
was measured as N-substituted nicotinamide (11) and further 
identified as ribosyl nicotinamide by paper chromatography. 








AMP DPN Adenosii RN* 
Enzyme used cleaved cleaved formed acon formed 
pmoles pmoles pmoles pmoles umoles 
Enzyme 1 1.50 1.50 1.44 
Enzyme 2 0.16 0.36 0.16 0.18 
0.21 0.43 0.24 0.21 
1.28 2.37 1.18 
Enzyme 3 0.11 0.25 0.11 
0.57 1.16 0.57 0.54 




















*RN = ribosyl nicotinamide. 


The EDTA-resistant DPN pyrophosphatase (Enzyme 3), in 
contrast to Enzyme 2 mentioned above, is inhibited by compar- 
able concentrations (0.02 m) of GSH in the presence of Fe*+* salts 
(0.01 m) and EDTA (0.04 m). The degree of this inhibition 
varies from 40 to 65%. 

Effect of Inhibitors—Comparison of the effects of a variety of 
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metabolic inhibitors upon Enzymes 1, 2, and 3 is shown (Table 
III). The data show that the nucleotide monophosphatase (En- 
zyme 1) is most sensitive ‘to inhibition by sodium fluoride, iodo- 
acetate, and organic mercurials. Enzyme 1 is inhibited by ar- 
senate (0.1 to 0.01 m) but not by orthophosphate, whereas the 
DPN pyrophosphatases are inhibited by both. Marked inhibj- 
tion of the EDTA-resistant DPN pyrophosphatase by ATP (1 
mm) and its greater sensitivity to inhibition by organie mercurials, 
further distinguish it from the EDTA-sensitive DPN pyrophos- 
phatase. 

Stoichiometry of AMP and DPN Cleavage—Table IV summa- 
rizes the stoichiometry of AMP and- DPN decomposition cata- 
lyzed by three of the Fe++-dependent nucleotidases. AMP igs 
cleaved to equimolar quantities of adenosine and orthophosphate, 
Both DPN pyrophosphatases (Enzymes.2 and 3) catalyze the 
stoichiometric cleavage of DPN to adenosine, ribosyl nicotin- 
amide, and two equivalents of P;. Although the method of 
measurement does not differentiate between ribosy] nicotinamide 
and nicotinamide mononucleotide (11), accumulation of the 
former compound as the ultimate end product of DPN break- 
down is predicted from the fact that two equivalents of P; are 
released. The ribonucleoside was finally identified by paper 
chromatographic comparison (9, 10) with an authentic sample. 

Effect of Different Substrates—A broad spectrum of substrates 
other than AMP and DPN is decomposed by the Fe++-dependent 
nucleotidases of C. propionicum. Orthophosphate released from 
2 wmoles of each substrate during 30 minutes’ incubation was 
measured and comparative rates of activity were calculated as 
a percentage of the P; released from AMP under identical con- 
ditions. The protein fractions used in these studies were the 
Cy gel eluate (Table I) for EDTA-sensitive activities, and 
EDT<A-resistant nucleotidases described as Fraction B in the 
accompanying communication (2). No attempt was made to 
separate the activities within the two major groups of EDTA- 
sensitive and EDTA-resistant nucleotidases. The results of such 
a comparison are tabulated (Table V). 

Insight into the detailed mechanisms of the nucleotidase re- 
actions is not apparent from analysis of these approximations 
of comparative reaction rates. In general, monophosphates are 
more readily decomposed than their diphosphate counterparts 
which, in turn, are more reactive than triphosphate esters. The 
failure of inorganic pyrophosphate cleavage by either group of 
nucleotidases is significant in terms of the mechanism of DPN 
cleavage as will be discussed later. 

Reversibility of Reaction—Attempts to demonstrate reversi- 
bility of AMP or DPN decomposition were uniformly unsucces- 
ful. Ten umoles of potassium phosphate buffer pH 7.5, labeled 
with radioactive phosphorus (5.59 X 10° c.p.m.) were incubated 
with 2 umoles of either AMP, ADP, ATP, or DPN and a mix- 
ture of EDTA-sensitive nucleotidases under standard conditions. 
After deproteinization, the labeled P; in the reaction mixture 
was extracted (8) and aliquots were examined for P*®-labeled 
organic phosphate in a windowless gas flow counter. No P® 
above that in a nonenzymatic control was detected with any of 
the substrates tested, which signifies that no exchange of radio- 
active P; with that bound in the nucleotides occurred. A simi- 
lar experiment in the absence of any carrier P;, which might 
have been inhibitory to the nucleotide pyrophosphatases, also 
failed to show any incorporation of radioactivity into the organic 
phosphate compounds. Under similar conditions, no synthesis 
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TABLE V 
Comparative rates of decomposition of various substrates 

Each tube contained: 50 umoles of triethanolamine HC! buffer pH 7.5; 5 umoles of ferrous sulfate; and 2 umoles of substrate. Assay 
of EDTA-sensitive enzyme contained 2 ug of enzyme protein and 10 wmoles of GSH (pH 7.0). Assay of EDTA-resistant activity con- 
tained 20 ymoles of EDTA and 50 ug of enzyme protein. Volume of reaction mixture, 0.5 ml; incubation time, 30 minutes at 30°. The 
number of micromoles of P; released from 5’-AMP under these conditions was assigned a value of 100. 

Monophosphate esters Diphosphate esters Triphosphate esters Miscellaneous 
EDTA | EDTA EDTA | EDTA ‘A ‘A 
Substrate sensitive | resistant Substrate anabtive | caucus Substrate kf R- +A Substrate anne onan 
j 

SS Ree 100 | 100° | .ADP.........02.: 64 | 11 | ATP.....| 62 ae = Maeagaienpeae 50 | 114 

OMEP 35 ot 89 GA | CPP ble 59 10 ¢3 + ae 58 Re elma gepieen: tz 18 0 

|. eae paeeR ee 87 Ogee. te ee 42 12 ep agelipapaa 12 3 NIN: cialad ss ca pes 16, 

ROMS cscs cai 90 OE VM ee 41 ware. : 33 11 Deamino-DPN...| 103’ 0 

1). ee 94 S08 | UDP. ciecs.e: 112 6. | UTP: 57 0 | PP-ribose-P...... 0 
I 5 a o-a. ue p 0 K:H2P.0;........ 0 0 Se 10 
PM oo. 6 5 aceeve a 19 0 | Thiamine-PP..... 0 0 ER err 7 
| i. es ae 159 119 Adenosine tetra- 
Ribose-5-P........ ll | capa Peed We if FPL ee: 28 
Glucose-6-P....... 0 



































of AMP was observed from adenosine (2 umoles) and P*-labeled 
P; (10 wmoles, containing 1.82 < 105 ¢.p.m.). 

Attempts to show exchange of C'*-labeled AMP with its non- 
radioactive counterpart in the DPN molecule were unsuccessful 
when AMP-8-C™ (10 umoles, 8.8 X 10° c.p.m.) was incubated 
with DPN (2 wmoles) in the presence and absence of adenosine 
(2 umoles) under standard conditions. Inability to demonstrate 
reversibility of AMP and DPN cleavage is not surprising, in 
view of the relatively large free energy change involved. 


DISCUSSION 


Detailed study of the properties of each nucleotidase has 
proved difficult because of the problems involved in isolation of 
the activities. The fractionation procedures that are described 
allow a significant purification of EDTA-sensitive nucleotidases 
(Enzymes 1 and 2), but relatively little purification of the EDTA- 
resistant enzymes. The ratios of activities of Enzymes | and 2 
at various stages of purification show significant variations, sug- 
gesting two enzyme proteins are being separated, although the 
over-all fractionation produces approximately the same per- 
centage yield and degree of purification. From the data at hand 
it is not possible to say whether the two EDTA-sensitive activi- 
ties designated Enzyme 1 and Enzyme 2 reside on the same pro- 
tein molecule or on different ones. Greater purification will be 
necessary in order to decide this question. On the other hand, 
the divergence of activity ratios on purification of the EDTA- 
resistant nucleotidases leaves little doubt of their difference from 
each other and from activities of the EDTA-sensitive group. 

Several possibilities exist in regard to the mechanism of DPN 
decomposition to adenosine, ribosy] nicotinamide, and two equiv- 
alents of P;. The most likely series of reactions follows: 


Enzymes 2 & 3 











DPN » AMP + NMN (1) 
AMP Ensymes 1 & 4 >» Adenosine + P; (2) 
NMN —Dusymes 1 & 14, sosyl nicotinamide + P, (8) 


Sum: DPN — Adenosine + ribosyl nicotinamide + 2 P; 


Evidence in support of such a reaction mechanism consists of 
the identification of each of the postulated intermediates by 


paper chromatography of reaction products. In addition, the 
relative rates of reactions are compatible with the postulated 
mechanism. It is probable that Reaction 3 is catalyzed by En- 
zyme 4, although this was not tested directly. 

Alternative reaction mechanisms would result in the formation 
of nicotinamide ribonucleoside pyrophosphate or ADP as inter- 
mediates of the initial cleavage, but there was little evidence to 
support these alternatives. The slow cleavage of ADP by 
EDTA-resistant nucleotidases, the failure to identify ADP as a 
product of the reaction, and the inability of all the nucleotidases 
to split inorganic pyrophosphate would tend to support the pro- 
posed mechanism rather than alternative ones. 

The fact that each of these nucleotidases is stringently ferrous 
iron-dependent is unusual since this metal is not usually a specific 
phosphatase activator. However, other examples of Fe*++-de- 
pendence include an alkaline phosphatase of yeast that cleaves 
p-nitrophenylphosphate (15) and a 5’-nucleotidase of C. stick- 
landii (16). 

The heat stability of the Fe++-dependent nucleotide mono- 
phosphatase activities of C. propionicum is rather unusual. A 
similar heat resistance has been described by Herman and Wright 
(16) in a Fe++-activated nucleotidase from C. sticklandit. How- 
ever, that enzyme was heat stable only when boiled in 0.1 m 
triethanolamine HC! buffer (pH 7.35), and was rapidly destroyed 
when heated in water or other solvents. The nucleotidases we 
have studied are equally stable in either triethanolamine buffer 
or water. 

Solutions of a 3’-nucleotidase from rye grass described by 
Shuster and Kaplan (17) have been found to retain 25% of their 
activity after heating 30 minutes at 100° in 0.05 m Tris buffer, 
pH 7.5. This heat stability is observed only with purified frac- 
tions; crude preparations are heat-labile and some factor in the 
crude extract imparts heat lability to previously heat-stable 
purified preparations. Our nucleotide monophosphatase activity 
is heat-stable in crude as well as purified preparations. 


SUMMARY 


The isolation and partial purification of four separate ferrous 
iron-dependent nucleotidases from cell-free extracts of Clostrid- 
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ium propionicum is described. Two of these enzymes are nu- 
cleotide monophosphatases sharing a remarkable degree of heat 
resistance, but differing in their sensitivity to 0.04 m ethylene- 
diaminetetraacetate (EDTA); the other pair are heat-sensitive 
nucleotide pyrophosphatases separable on the basis of EDTA 
sensitivity. Successive action of a nucleotide pyrophosphatase 
and monophosphatase catalyzes the irreversible decomposition 
of diphosphopyridine nucleotide to adenosine, ribosyl nicotin- 
amide, and two equivalents of orthophosphate. Common prop- 
erties include: activity over a broad pH range; absolute ferrous 
iron dependence; and catalysis of the decomposition of a broad 
spectrum of substrates. Differences among the nucleotidases in 
addition to the effects of heat and EDTA are exemplified by 
varied fractionation characteristics, and the effects of glutathione 
and a variety of metabolic inhibitors. 
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In a previous paper (1) evidence is presented showing that 
cell-free extracts of Clostridium propionicum contain at least four 
different nucleotidase activities all of which are activated by 
ferrous salts. One enzyme system is differentiated by the fact 
that it is relatively insensitive to high concentrations of ethylene- 
diaminetetraacetate (0.02 m). It catalyzes the over-all reaction: 


DPN + 3H:0 — ribosyl nicotinamide + adenosine + 2P; (1) 


This reaction seems to be catalyzed by the simultaneous action 
of two enzymes: (a) a heat-sensitive nucleotide pyrophosphatase 
that catalyzes a cleavage of the pyrophosphate bond of DPN, 
and (6) a heat-stable nucleotide monophosphatase that catalyzes 
the hydrolysis of the mononucleotides to their ribonucleoside 
derivatives (1). 

The distinctive feature of this enzyme system as originally 
observed in crude, cell-free extracts is the fact that the DPN 
pyrophosphatase activity is associated with, and is dependent 
upon, simultaneous electron transport activity (2). The present 
paper presents data showing that the crude bacterial extracts 
can be separated into two protein fractions both of which are 
needed, together with a supplementary electron donor system, 
to cause DPN hydrolysis. One of these protein fractions (Frac- 
tion B) contains a ferrous iron-dependent nucleotidase system 
catalyzing Reaction 1. The other fraction (Fraction A) contains 
an iron reductase system and is capable of activating fraction B 
in the absence of added ferrous salts. 


EXPERIMENTAL PROCEDURE 


The tetrahydrofolic acid and 1,3-dimercaptopropanol were 
gifts from Drs. J.C. Rabinowitz and T. C. Stadtman, respectively. 
All other reagents and enzymes were commercial preparations: 
yeast alcohol dehydrogenase, muscle lactic dehydrogenase, and 
xanthine oxidase from Worthington Biochemical Company; ri- 
boflavin 5’-phosphate (monosodium dihydrate) and DPN from 
Sigma Chemical Company; DPNH (enzymatically reduced), 
glutathione, ascorbic acid, nicotinamide, and neotetrazolium 
chloride from Nutritional Biochemical Company; methylene blue 
from Difco Laboratories, Inc.; 2-mercaptoethanol, triethanola- 
mine hydrochloride, a,a’-dipyridyl, and 1,10-orthophenanthro- 
line from Eastman Organic Chemical Company; triphenyltetra- 
zolium chloride from Schwartz Laboratories; Perma Kleer 80 
from Refined Products Corp.; and Versene (Sequestrene AA) 


* United States Public Health Service, Special Research Fellow 
of the National Heart Institute. 


from Bersworth Chemical Company. Reduced riboflavin phos- 
phate was prepared by dropwise addition of dilute sodium hydro- 
sulfite solution to 0.005 m riboflavin-P until the yellow color was 
gone. The excess hydrosulfite was destroyed by back titration 
with air (introduced with a syringe) until a barely perceptible 
yellow color appeared. The resulting solution was stored under 
helium atmosphere and care was taken to eliminate exposure to 
air when aliquots were transferred to the reaction mixtures. The 
growth of C. propionicum and the preparation of cell-free extracts 
from lyophilized cells were previously described (3). 

Enzyme Assay—aAll enzyme reactions were carried out in 10 
< 75 mm test tubes in a helium atmosphere. EDTA! (0.02 m) 
was included in all reaction mixtures to inhibit any EDTA-sen- 
sitive DPN pyrophosphatase (Enzyme 2, (1)) that might be 
present. After adding all reagents (enzymes last) the reaction 
mixtures (1—-2°) were gassed for 40 seconds with a vigorous stream 
(sufficient to agitate the surface of the solution) of helium, then 
they were stoppered tightly and incubated at 30°. When au- 
toxidizable compounds or DPNH were used, they were added 
after gassing 20 seconds, and the gassing was continued for an 
additional 30 seconds. After incubation, the reaction was 
stopped by the addition of 10% HClO, to 3% (volume per volume) 
and the DPN remaining or the orthophosphate released was 
determined as previously described (1). Since DPN disappear- 
ance and orthophosphate released were parallel under all of the 
experimental conditions investigated, these measurements were 
used interchangeably for the estimation of DPN pyrophosphatase 
activity. Ferrous iron was determined by the method of Weber 
et al. (4). 

Fractionation of Cell-free Extracts—All operations were carried 
out in the cold (1-5°). Centrifugations were at 18,000 x g for 
15 minutes in a Servall centrifuge operating in a cold room (3-4°). 
To 90 ml of cell-free extract were added 10 ml of 2% protamine 
sulfate. After 15 minutes the precipitate was removed by 
centrifugation and discarded. The supernatant solution was 
adjusted to pH 4.8 with cautious addition of 1.0 m sodium 
acetate buffer (pH 4.3) and was stirred gently for 30 minutes, 
then centrifuged. The pH 4.8 precipitate and the supernatant 
solution were separated by decantation and were used for the 
preparation of Fractions A and B, respectively. 

Fraction A—The pH 4.8 precipitate was dissolved in 90 ml of 
0.05 m triethanolamine hydrochloride buffer pH 7.4, and was 
adjusted to pH 4.9 with 1.0 Mm acetate buffer pH 4.3. After 30 


1 The abbreviation used is: EDTA, ethylenediaminetetraacetate. 
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TaBLe I 
Requirements for enzyme activity 

The complete systems contained in a volume of 0.5 ml: Frac- 
tion A, 460 ug; Fraction B, 229 ug; riboflavin-P 0.13 ymole; DPN, 
2 umoles; triethanolamine HCl buffer pH 7.4, 50 umoles; EDTA 
(pH 7.4), 20 wmoles. Further additions were: in Experiment 1, 
0.01 ml ethanol and 190 ug alcohol dehydrogenase; in Experiment 
2, xanthine oxidase sufficient to oxidize 1 ymole of hypoxanthine 
per minute and hypoxanthine, 10 wmoles; in Experiment 3, 5 
umoles FeCl... Tubes were incubated in a helium atmosphere 30 
minutes at 28°. 























DPN disappearance, umole 
Experiment 1|Experiment 2| Experiment 3 

Complete system.............. 0.63 0.40 0.69 
Complete — fraction A......... 0.09 0.44 0.68 
Complete — fraction B......... 0.08 0.05 0.03 
Complete — riboflavin-P....... 0.18 0.18 0.68 
Complete — ethanol............ 0.05 
Complete — alcohol dehydrogen- 

"See RCE ESSE pe et ee ieee 0.08 
Complete — xanthine oxidase... 0.02 
Complete — hypoxanthine...... 0.02 
Complete — FeCly.............. 0.03 

Tase II 


Effects of various reducing systems 

The reaction mixtures contained: Fraction A, 229 ug; Fraction 
B, 460 ug; riboflavin-P, 0.13 umole; DPN, 2 umoles; triethanol- 
amine hydrochloride buffer pH 7.4, 50 umoles; EDTA (pH 7.4), 
20 wmoles; and where indicated, alcohol dehydrogenase, 190 ug; 
ethanol, 8 mg; lactic dehydrogenase, 500 ug; L-potassium lactate, 
10 wmoles, xanthine oxidase, sufficient to oxidize 1 wmole of hy- 
poxanthine per minute; hypoxanthine, 10 umoles. Total volume 
was 0.5 ml; incubation time was 30 minutes at 28° in helium atmos- 
phere. 














Electron donor DPN hydrolysis 

pmoles P; released 
Alcohol dehydrogenase + ethanol......... 1.24 
Lactic dehydrogenase + lactate........... 1.03 
Xanthine oxidase + hypoxanthine......... 0.95 
Os See a A 1.35 
H:-riboflavin-P, 0.5 wmole................. 1.23 
Tetrahydrofolic acid, 1 wmole.............. 0.80 
EP MINIONS ick eb ca cctcccc coer eeee 1.18 
NUNN 6 6.8 clyso wenn Ge ae sinace 03 0.90 
MPR ONIE: 0 MIROIES... oc ons 5c cc rccanccccee. 0.90 
INS BAM ooo 'a'es sho costes cee 0 0.62 
1,3 Dimercaptopropanol, 16 yeq.......... 0.24 
1,3 Dimercaptopropanol, 3 weq............ 0.34 
2-Mercaptoethanol, 5 wmoles............... 0.28 
2-Mercaptoethanol, 1 wymole............... 0.21 
Glutathione, 5 wmoles..................... 0.27 
Glutathione, 10 wmoles.................... 1.08 





minutes the precipitate was collected by centrifugation, re- 
suspended in 35 ml of water and the pH was adjusted to 7.0 
with careful addition of 1.0 m triethanolamine base. The in- 
soluble material was removed by centrifugation. The clear 
supernatant solution, hereafter referred to as Fraction A, was 
stored at —17°. 
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Fraction B—The supernatant solution from the pH 4.8 pre- 
cipitation step was adjusted to pH 7.0 with triethanolamine, 
and ammonium sulfate was added to 50% saturation. After 
15 minutes, the precipitate was removed by centrifugation and 
was discarded. The supernatant solution was brought to satu- 
ration with ammonium sulfate and after 30 minutes the pre- 
cipitate was collected by centrifugation, dissolved in 20 ml of 
0.05 m triethanolamine hydrochloride buffer pH 7.4, and dialyzed 
for 5 hours against 3 liters of distilled water. The dialyzed 
fraction, hereafter referred to as Fraction B, was stored at —17°, 
This fraction contained the EDTA-resistant DPN pyrophos- 
phatase activity, referred to as Enzyme 3 in the previous paper 
(1). The over-all yield of Enzyme 3 in Fraction B was only 10 
to 20% of that present in the crude preparation; the purification 
varied from 2- to 5-fold in different experiments. For reasons 
not understood, the stability of Fraction B was variable. Some 
preparations retained almost full activity for 2 years, whereas 
other preparations lost most of their activity after a few days. 
Efforts to stabilize the latter preparations by classical methods, 
viz. addition of salt, serum albumin, reducing agents, EDTA, 
metal ions, substrate, or by variations of pH were unsuccessful. 
Furthermore, inactive preparations could not be reactivated. 


RESULTS 


The data of Table I, Experiment 1, show that protein fractions 
A and B are both essential for DPN pyrophosphatase activity. 
In addition, DPN decomposition requires the presence of a 
suitable electron transport system; viz. alcohol dehydrogenase 
together with ethanol, and an electron acceptor dye such as 
riboflavin-P. 

Other experiments show that riboflavin-P can be replaced 
with other reducible dyes such as triphenyltetrazolium chloride, 
neotetrazolium chloride, methylene blue, and 2,6-dichloro- 
phenolindophenol; moreover, any of several pyridine nucleotide- 
linked dehydrogenases, together with their respective substrates, 
will replace the alcohol dehydrogenase system. 

As is shown by the data of Table II, the enzyme-catalyzed 
electron-donor systems can be replaced with other reducing 
agents. Relatively small amounts of DPNH, H--riboflavin-P 
tetrahydrofolic acid, and FeSO, produce good activity; ascorbate 
and glutathione in much higher concentrations are also good 
activators, but at low concentrations they are relatively ineffec- 
tive. The data summarized in Fig. 1, show that DPNH is able 
to produce maximal activation at catalytic levels (50 um), 
whereas FeCl, is needed in concentrations almost 100 times as 
great. This observation is significant with respect to the role 
of the reducing system and will be discussed later. 

It was reported previously that certain nucleotidases in 
Clostridium sticklandii (5) and a yeast phosphatase (6) are 
specifically activated by ferrous salts. These observations, to- 
gether with the discovery that various diaphorase preparations, 
in the presence of FAD or riboflavin-P and DPNH, can catalyze 
the reduction of ferric to ferrous iron (4), suggested the possi- 
bility that the EDTA-insensitive DPN pyrophosphatase of C. 
propionicum may also require ferrousiron. The need for protein 
fractions, both A and B, could be explained if one of the two 
fractions contains a diaphorase which, in the presence of the 
other supplements, catalyzes the reduction of trace quantities 
of protein-bound iron needed to activate the DPN pyrophos- 
phatase present in the other protein fraction. This interpreta- 
tion is supported by the observation (Table I, Experiment 2) 
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that the xanthine oxidase system, previously shown to catalyze 
the reduction of iron (4), will replace the requirements for protein 
fraction A and the dehydrogenase system. The hypothesis is 
further supported by the observation (Table I, Experiment 3) 
that in the presence of added FeCl, protein fraction B alone is 
able to catalyze the decomposition of DPN. 

Specificity of Iron Requirement—In view of the fact that the 
DPN pyrophosphatase in Fraction B is fully activated by a 
variety of reducing systems, it is not possible from the data 
presented thus far to decide if the enzyme is absolutely dependent 
upon the presence of ferrous iron, or if its activation by ferrous 
salts is due to a nonspecific reducing action. Evidence suggest- 
ing that ferrous iron is an obligatory cofactor is summarized in 
Tables III and IV. The data of Table III show that the DPN 
pyrophosphatase activity is strongly inhibited by iron chelating 
agents such as o-phenanthroline and a-a’-dipyridyl. Inhibition 
by these chelating agents is of added significance since the stand- 
ard assay mixture routinely contains 0.02 m EDTA. Complete 
reactivation of the o-phenanthroline-inhibited enzyme is achieved 
by the addition of slightly less than an equivalent amount of 
FeCl, (3 moles of o-phenanthroline are required to bind 1 mole 
of FeCl (4)). 

A specific role of ferrous iron is further indicated by the data 
of Table IV. Brief dialysis of the enzyme against iron-binding 
sequestering agents (Perma Kleer 80 or HCN), followed by 
extensive dialysis against a dilute buffer solution, results in the 
loss of ability of reducing agents other than FeCl, to activate 
DPN decomposition. 

Iron Reductase—The results presented in the above sections 
are consistent with the conclusion that the EDTA-resistant DPN 
pyrophosphatase of C. propionicum is a ferrous iron specific 
enzyme. Accordingly, the nonspecific activation of the DPN 
pyrophosphatase by various reducing agents and dehydrogenase 
systems could be explained if these were able to catalyze the 
reduction of ferric iron bound to the enzyme. The data of 
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Fig. 1. The activation of DPN pyrophosphatase by reduced 
diphosphopyridine nucleotide and ferrous chloride. The reaction 
mixtures contained in a volume of 0.5 ml: Fraction A, 460 ug; 
Fraction B, 229 yg; riboflavin-P, 0.13 umole; triethanolamine HCl 
buffer pH 7.4, 50 umoles; EDTA (pH 7.4), 20 umoles; DPN, 2.0 
umoles; and the indicated amounts of DPNH or FeCl:. Tubes 
were incubated in a helium atmosphere for 30 minutes at 28°. 
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Taste III 
Effects of various chelating agents 
The experimental conditions were as described in Table II. 
Experiment I contained alcohol dehydrogenase and ethanol as 
the electron donor. Experiments II, III, and IV contained the 


lactic dehydrogenase-lactate system. Incubation time was 45 
minutes. 








Experiment Additions to complete system DPN decomposed 
pmoles P; released 
I None 1.81 
o-Phenanthroline, 4 mm 0.11 
II None 1.08 
o-Phenanthroline, 4 mm 0.0 
III None 1.11 
a,a’-Dipyridyl, 0.5 mm 0.90 
a,a’-Dipyridyl, 1 mm 0.56 
a,a -Dipyridyl, 2.6 mm 0.47 
IV FeCl:, 1 mm 2.01 
o-Phenanthroline, 4 mm 0.0 
o-Phenanthroline, 4 mm 1.74 
and FeCl., 1 mm 











TaBLe IV 
Specificity of ferrous iron 

The reaction mixtures contained: Fraction A, 460 ug; ribo- 
flavin-P, 0.13 umole; DPN, 2 wmoles; triethanolamine hydro- 
chloride buffer pH 7.4, 50 umoles; EDTA (pH 7.4), 20 umoles; and 
where indicated, lactic dehydrogenase, 500 ug; potassium L-lac- 
tate and tetrahydrofolic acid, 1 ymole. For Experiment I, 380 
ug of Fraction B were used which had been dialyzed 6 hours 
against a solution containing 1 mm Perma Kleer 80 and 0.01 mu 
triethanolamine hydrochloride pH 7.5, and then dialyzed 12 hours 
against 0.1 m triethanolamine hydrochloride (pH 7.5). For Ex- 
periment II, 380 ug of Fraction B were used which had been pre- 
viously dialyzed 5 hours against a solution containing 0.01 m 
triethanolamine hydrochloride buffer pH 7.5 and 0.01 m HCN, 
and then dialyzed 12 hours against 0.01 m triethanolamine hydro- 
chloride (pH 7.5). The incubations were in a helium atmosphere 
for 30 minutes at 28°. 





DPN decomposed, umoles 





Reducing system 








I i II 
against agninst 
Perma Kleer 80 CN 
PoOhh, Gates. {.2cial. tc.ateb.ved 0.32 0.24 
Lactic dehydrogenase + lactate..... 0.051 0.022 
Tetrahydrofolic acid................ 0.019 








Table V show that both enzyme fractions A and B possess the 
ability to catalyze the reduction of ferric to ferrous iron. Frac- 
tion A is relatively more effective than Fraction B, and appears 
to be somewhat less sensitive to lowered concentration of ferric 
iron. It is further of note that the reduction of iron is much 
less sensitive to the addition of riboflavin-P than is DPN pyro- 
phosphatase activity (see Table I). 

In other studies (1) it was shown that the requirement for 
ferrous iron is highly specific; Mg++, Mn++, Catt, Cot+, Zn**, 
Cutt, Hgt+, Bat+, and Fet+++ at concentrations of 10 mm are 
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TABLE V 
Enzyme-catalyzed iron reduction 

The reaction mixtures contained in a volume of 0.5 mi: tri- 
ethanolamine HCl buffer pH 7.4, 50 umoles; EDTA (pH 7.4), 20 
umoles; alcohol dehydrogenase, 190 ug; ethanol, 0.01 ml; and where 
indicated, FMN, 0.13 umole; Fraction A, 229 ug, and Fraction B, 
460 ug. Tubes were incubated in a helium atmosphere for 40 min- 
utes at 28°. 

















Fe** formed, umoles 
Enayme fraction | | rer | |S aera | Neguea™ 
+FMN* | -rMN | +FMN | -FMN | +FMN 
A 3.62 | 3.12 | 0.38 | 0.13 | 0.039 
B 2.12 | 1.86 | 0.14 | 0.0 | 0.011 
A+B 3.62 | 3.30 | 0.37 | 0.037 








* FMN = riboflavin phosphate. 


unable to activate the enzyme either in the presence or absence 
of EDTA (0.02 m). 


DISCUSSION 


Since dialysis of the EDTA-resistant DPN pyrophosphatase 
against iron-binding agents results in preparations that are 
specifically activated by ferrous salts, it is probable that ferrous 
iron is an obligatory co-catalyst for this enzyme. The capacity 
of enzyme preparations not subjected to rigorous iron-removing 
steps to be activated by any one of several reducing agents sug- 
gests that such enzymes contain protein-bound ferric iron, and 
that activation is achieved by reduction of the bound iron to 
the ferrous state. If this interpretation is correct, the enzymatic 
activation of the DPN pyrophosphatase by catalytic levels of 
DPNH and enzymes present in Fraction A is of special sig- 
nificance. The data of Fig. 1 show that maximal activation is 
obtained with only 100 um DPNH, whereas 100 times as much 
FeCl, is required for maximal activation. Other experiments 
have shown that FeCl;, with or without catalytic levels of 
DPNH, will not replace FeCl: Therefore, if activation by 
DPNH is due to iron reductase activity, such activation must 
represent a specific reduction of protein-bound iron and may be 
catalyzed by a highly specific enzyme. The fact that iron- 
reductase activity can be detected in Fraction A (Table V) is 
consistent with, but does not prove, that this activity is re- 
sponsible for the enzyme-catalyzed DPN pyrophosphatase ac- 
tivation. To the contrary, the data of Table V show that Frac- 
tion B also possesses significant iron-reductase activity, yet it 
does not cause activation of the DPN pyrophosphatase in the 
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presence of DPNH nor, as was found by other experiments, in 
the presence of DPNH plus low levels of FeCls. The most 
attractive interpretation of the experimental results is that 
Fraction A contains, in addition to nonspecific iron-reductase 
activities, another specific enzyme that catalyzes the selective 
reduction of protein-bound iron, possibly iron bound only to the 
DPN pyrophosphatase molecule. The significance of such a 
specific iron-reductase in the regulation of DPN pyrophosphatase 
activity and hence in the control of DPN-linked metabolism is 
apparent. Proof for such a specific action must await a more 
systematic purification of the EDTA-resistant DPN pyrophos- 
phatase and of the DPNH-linked activating enzyme. 

It should be emphasized that although the data presented are 
consistent with the conclusion that the electron transport system 
is concerned with the specific reduction of ferric iron bound to a 
DPN pyrophosphatase molecule, they do not eliminate an 
alternative role of electron transport in the activation of a DPN 
pyrophosphatase that is already saturated with ferrous iron. 


SUMMARY 


Cell-free extracts of Clostridium propionicum contain two 
protein fractions, A and B, which, together with added 
riboflavin phosphate and catalytic amounts of reduced diphos- 
phopyridine nucleotide, catalyze the decomposition of diphos- 
phopyridine nucleotide in the presence of ethylenediaminetet- 
raacetate. In the presence of high concentrations of various 
reducing agents, viz. mercaptans, ascorbic acid, tetrahydrofolic 
acid, and ferrous salts, Fraction B alone will catalyze this hy- 
drolysis, but the DPN pyrophosphatase activity is completely 
inhibited by the addition of iron chelating agents such as 1, 10- 
orthophenanthroline and a,a’-dipyridyl. Dialysis against iron- 
complexing reagents results in enzyme preparations that are 
specifically activated by ferrous salts. Fractions A and B both 
possess reduced diphosphopyridine-linked iron-reductase ac- 
tivities. 

The results are interpreted to indicate the existence of a specific 
iron-reductase system in Fraction A that is capable of catalyzing 
the reduction of DPN pyrophosphatase-bound ferric iron in 
Fraction B, thus leading to its activation. 
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It has now been firmly established that mammals and Neuro- 
spora are able to convert tryptophan to nicotinic acid via a bio- 
synthetic pathway which contains several well characterized 
intermediate compounds (2). However, evidence has been ac- 
cumulating which indicates that in bacteria the biosynthesis of 
nicotinic acid is accomplished by a different pathway. Volcani 
and Snell (3) demonstrated that kynurenine and 3-hydroxy- 
anthranilic acid, both of which are intermediates in the ‘‘trypto- 
phan pathway,” could neither replace nicotinic acid as a growth 
factor for a number of nicotinic acid-requiring species of bacteria 
nor enhance the growth response of these bacteria to suboptimal 
amounts of nicotinic acid. Stanier and Tsuchida (4) found that 
a Pseudomonas species adapted to grow with tryptophan as the 
sole carbon source lacked the enzyme needed for the oxidation 
of 3-hydroxyanthranilic acid and thus appears to be unable to 
form nicotinic acid from tryptophan. Yanofsky (5) reported 
that a series of nicotinic acid auxotrophs of Escherichia coli and 
Bacillus subtilis could utilize neither tryptophan nor any of the 
intermediates in the tryptophan pathway as a replacement for 
nicotinic acid asa growthfactor. Also, these bacteria appeared to 
lack the enzyme which splits 3-hydroxykynurenine to 3-hydroxy- 
anthranilic acid and is essential to the operation of the trypto- 
phan pathway for nicotinic acid synthesis. Furthermore, it was 
demonstrated that when C'*-tryptophan was supplied to trypto- 
phan auxotrophs of E.coli and B. subtilis the nicotinic acid which 
was formed by the growing cells was not radioactive (5). These 
results clearly ruled out tryptophan as a precursor of nicotinic 
acid in E. coli and B. subtilis. 

The present investigations were undertaken in an attempt to 
obtain evidence for the identity of the precursors of nicotinic 
acid in bacteria. The results to be presented suggest that the 
probable precursors of this vitamin in EZ. coli are a 4-carbon di- 
carboxylic acid and either glycerol or a compound to which glye- 
erol can be easily metabolized. The strongest evidence for this 
conclusion is provided by the finding that both C-succinic acid 
and C™-glycerol are efficiently incorporated into the nicotinic 
acid molecule. 


EXPERIMENTAL PROCEDURE 


Materials—Dowex 50-X4 (100 to 200 mesh) was a product of 
the Dow Chemical Company. Amberlite IRA-400 was pur- 
chased from Fisher Scientific Company. Sodium pyruvate- 
2-C" and succinic acid-1,4-C were both purchased from Nu- 
clear-Chicago Corporation, succinic acid-2,3-C from Isotope 


* These investigations were supported by National Science 
Foundation Grant 64580. Portions of this work have appeared 
as a preliminary communication (1). 

+ Supported by a Karl T. Compton fellowship of the Nutrition 
Foundation (1956-1958) and the Banco de Mexico, 8. A. 


Specialties Company, and glycerol-1,3-C™ from Volk Radio- 
chemical Company. The strain of Escherichia coli B used in the 
present work was provided by Dr. J. F. Koerner. 

Nicotinic Acid Assay—Nicotinic acid was determined accord- 
ing to the microbiological assay procedure of Snell and Wright 
(6) with Lactobacillus arabinosus 17-5 (ATCC No. 8014) as the 
assay organism. Nicotinamide, DPN, TPN, and nicotinamide 
mononucleotide are all able to replace nicotinic acid as a growth 
factor for this organism. 

Procedure Used in Growing Cell Experiments—Cells from a 
24-hour culture of E. coli B, which had been grown at 37° on a 
glucose-yeast extract agar slant, were suspended in sterile water 
and used to inoculate 1 liter of medium (‘“‘(Medium C”’ of Roberts 
et al. (7) with glucose as the energy source). The culture was 
incubated overnight at 37° on a rotary shaker. The resulting 
cells were harvested under sterile conditions by centrifugation at 
4° in an International centrifuge at 3000 r.p.m. for 15 minutes. 
The cells were suspended in 50 ml of sterile water and 1 ml of the 
suspension was used to inoculate flasks containing 50 ml of 
growth medium (“Medium N” (7) with additions indicated as 
data are presented). The flasks were incubated at 37° on a 
rotary shaker for the desired periods of time, after which 2 ali- 
quots were withdrawn from each culture; one was used for the 
determination of the dry weight of the cells in the culture and 
the other was used for the determination of the nicotinic acid 
content of the cells and of the medium. 

To determine the dry weight of the cells, the aliquot of cell 
suspension was centrifuged and the cell pellet was washed once 
with distilled water. The supernatant solution was discarded 
and the cells were suspended in a small amount of water and 
transferred quantitatively to a previously weighed aluminum 
culture tube cap. The cells were dried at 110° until constant 
weight had been attained. 

The aliquot to be used for the determination of nicotinic acid 
was centrifuged to separate the cells from the medium. The 
cell pellet was then washed and recentrifuged. The supernatant 
solution from the washing was added to the original supernatant 
fluid and enough concentrated H,SO, was added to make a 1 
N H.SO, solution. The cells were suspended in 1 n H.SO, (from 
2 to 10 mg of cells per ml of suspension). The supernatant frac- 
tion and the cell suspension were then autoclaved at 15 pounds 
for 30 minutes to hydrolyze all of the nicotinic acid-containing 
compounds to nicotinic acid. After hydrolysis the samples were 
cooled, neutralized (with a combination of 1 n NaOH and 0.2 u 
phosphate buffer, pH 7.0), and aliquots taken to determine 
nicotinic acid. 

Procedure Used in Resting Cell Experiments—Cells from a 24- 
hour slant were used to inoculate 1 liter of growth medium 
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(“Medium C” (7) containing glucose). After incubation for 20 
hours at 37° on a rotary shaker, the cells were harvested by cen- 
trifugation at 0°. No special precautions were taken to keep the 
material sterile. The cells were washed once with distilled water 
and suspended in enough water to give 30 to 40 mg of cells (dry 
weight) per ml of suspension. A 0.5-ml aliquot of this suspension 
was added to each experimental reaction mixture contained in a 
Pyrex tube (2.5 X 20 em) (the composition of these reaction 
mixtures will be described as the results are presented). Incu- 
bation was carried out at 37° with the tubes placed in a slanted 
position on a reciprocal shaker. After incubation the mixtures 
were acidified, hydrolyzed, and assayed for nicotinic acid as de- 
scribed above. From time to time dry weight determinations 
were carried out at the end of the incubation period to insure 
that no increase in cells had resulted. No such increases were 
ever observed, a fact which indicates that no growth had taken 
place. 

Isolation of Nicotinic Acid—In those resting cell experiments 
in which radioactive compounds were tested as precursors it was 
necessary to isolate the nicotinic acid produced by the resting 
cells. The reaction mixtures were hydrolyzed in H2SO, as de- 
scribed above. After the removal of the aliquot for nicotinic 
acid determination, approximately 20 mg of carrier nicotinic 
acid were added to each hydrolysate. Each hydrolysate was 
adjusted to pH 7.0 with n NaOH and the volume was made up 
to about 25 ml with water. The amino acids present in the solu- 
tion were destroyed by the ninhydrin treatment of Van Slyke 
et al. (8). In this procedure, 750 mg of trisodium citrate -54H.O, 
533 mg of citric acid monohydrate, and 100 mg of ninhydrin were 
dissolved in the neutralized hydrolysate, and the solution was 
heated in a boiling water bath for 30 minutes with occasional 
shaking. The resulting purple solution was cooled to room 
temperature, adjusted to pH 7.0 with n NaOH, and poured 
directly onto a column (2 X 20 cm) of Dowex 50-X4 resin (H* 
form). The column was then washed successively with 300 ml 
of distilled water, 300 ml of 0.1 n HCl, and finally 200 ml of dis- 
tilled water. No nicotinic acid was found in any of these wash- 
ings. The nicotinic acid was eluted from the column with 0.75 
N NH,OH. The rate of flow of the eluting solution through the 
column was about 20 ml per 3 minutes, and the effluent was 
collected in 20-ml fractions. An aliquot (0.5 ml) was withdrawn 
from each eluate fraction for nicotinic acid determination: 

The nicotinic acid-containing fractions from the column were 
pooled and evaporated to dryness. The residue was dissolved in 
20 ml of water and, after the solution had been adjusted to pH 
5.0, it was slowly passed through a column (2 X 20 cm) of IRA- 
400 (OH-) ion exchange resin. The column was then washed 
with 500 ml of distilled water. Only a small amount, represent- 
ing no more than 2%, of the total nicotinic acid was removed 
by the washings. The nicotinic acid was eluted from the column 
with 0.75 n HCl. The effluent was collected in 20-ml amounts 
at a rate of flow of 20 ml per 3 minutes. An aliquot (0.5 ml) 
was withdrawn for nicotinic acid determinations. 

The pooled fractions containing nicotinic acid were evaporated 
to dryness, the residue was dissolved in 50% ethanol, and the 
pH of the solution was carefully adjusted to 4.5 with NaOH. 
The solution was again evaporated to dryness and the residue 
was extracted with 5 successive 10-ml portions of acetone. The 
volume. of the pooled acetone extracts was reduced to about 2 
ml in a hot water bath, 8 ml of absolute ethanol were added, and 
the resulting insoluble material (mostly NaCl) was removed by 
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centrifugation. The volume of the supernatant solution wag 
reduced to about 2 ml in a hot water bath and 100 mg of picric 
acid were added to the hot ethanolic solution. The picrate of 
nicotinic acid (which began to crystallize as the solution was 
cooled) was separated by centrifugation, washed twice with 5-ml 
portions of cold ether, dried in a vacuum, and weighed. The 
dry picrate was dissolved in 5 ml of absolute ethanol, and an 
aliquot (0.2 ml) of this solution was used to determine radio- 
activity. The product was recrystallized from absolute ethanol 
until constant melting point (212-215°) and constant specific 
radioactivity had been attained. 

Decomposition of Nicotinic Acid Picrate—About 10 mg of the 
picrate were dissolved in 2 ml of water and 0.1 ml of 12 n HCl 
was added with thorough mixing. The liberated picric acid 
was removed by extraction with small volumes (2 ml each) of 
ether until both the ether and the aqueous phases were colorless, 
The aqueous solution was then taken to dryness, and the residual 
nicotinic acid was washed with ether and dried in a vacuum. 

Decarboxylation of Nicotinic Acid—The nicotinic acid obtained 
by the decomposition of the picrate was decarboxylated to pyri- 
dine by the method of Leete (9) as modified by Martin and Foster 
(10) to contain phenanthrene in place of quinoline as the “solid 
solvent.” The volatile reaction products, which were swept 
from the reaction vessel in a stream of helium, were bubbled 
first through an ice-cold saturated aqueous solution of picric 
acid, to trap the pyridine as its picrate, and then through a satu- 
rated solution of barium hydroxide, to convert the evolved CO, 
(from the carboxyl group of nicotinic acid) to barium carbonate. 

The solution containing the pyridine picrate was extracted 
with 20 ml of ether to remove the unchanged picric acid. The 
aqueous phase containing the picrate was evaporated to dryness. 
The residue was dissolved in ethanol and the pyridine picrate 
was allowed to crystallize. The crystals were harvested by 
centrifugation, washed with ether, and dried in a vacuum. The 
yield and melting point were determined, the picrate was dis- 
solved in 5 ml of ethanol and a 0.2-ml aliquot was removed for 
the determination of radioactivity. The pyridine picrate was 
recrystallized from ethanol to constant melting point (164-167°) 
and constant specific radioactivity. 

The barium carbonate was isolated by centrifugation and 
washed twice with freshly boiled distilled water, twice with 
ethanol, and finally twice with ether. The product was dried 
in a vacuum and the yield determined. The dried material was 
suspended in 5 ml of ethanol and a 0.4-ml aliquot of the suspen- 
sion was used for the determination of radioactivity. 

Determination of Radioactivity—Samples were transferred to 
aluminum planchets and counted in duplicate (at infinite thin- 
ness) by means of a Nuclear-Chicago Corporation internal gas 
flow counter. A counting rate about 5 times that of background 
was used. It was determined experimentally that (under the 
conditions used) the radioactive data are subject to counting 
errors between duplicates of as much as 16%. All of the results 
to be reported have been corrected for background. 


RESULTS 


Experiments Conducted with Growing Cells 


The experiments to be reported below were performed to deter- 
mine which substances, when added to the growth medium, might 
stimulate the production of nicotinic acid by growing cultures of 
E. coli. It was hoped that such experiments might provide 
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clues to the identity of the precursors of the vitamin which would 
direct the course of subsequent work with resting cell prepara- 
tions and ultimately with cell-free extracts. 

Effects on Nicotinic Acid Production of Amino Acids, Glucose, 
and Ribose—The nicotinic acid content of the cells and the spent 
growth medium from cultures grown on a medium containing 
various additions is shown in Table I. If cells grown in a me- 
dium containing glucose as the sole carbon source and NH,C! as 
the nitrogen source are used as the basis for comparisons, it may 
be seen that replacement of the ammonium salt by a casein hy- 
drolysate resulted in an increase in cell yield, but that no increase 
in nicotinic acid production per unit weight of cells was observed. 
However, cells grown in a medium which contained glucose, 
casein hydrolysate, and ribose produced slightly more nicotinic 
acid, and cells grown in a glucose-free medium which contained 
both ribose and casein hydrolysate produced almost twice as 
much nicotinic acid as the cells which had been grown in a glu- 
cose-containing medium. Thus, amino acids and ribose appear 
to stimulate and glucose appears to depress the production of 
nicotinic acid by E. coli. One interesting finding was that this 
organism failed to grow when ribose was added as the sole carbon 
source. 

The results of Experiment B, Table I, show that the stimula- 
tory effects of the casein hydrolysate probably resulted from the 
presence in the hydrolysate of aspartic acid, glutamic acid, and 
alanine. Any one of these amino acids when added as the sole 
carbon and nitrogen source resulted in a significant increase of 
nicotinic acid production per unit weight of cells. Maximal pro- 
duction was achieved with the combination of aspartate and 
glutamate. The addition of glucose to the medium resulted in 
an increased cell yield, but no significant increase in total nico- 
tinic acid production (compare aspartate in the presence and 
absence of glucose). No other amino acids or combinations of 
amino acids duplicated the stimulatory effects exhibited by 
alanine, aspartate, and glutamate. 

Effects of Pyruvate, Malate, and Oxaloacetate—In view of the 
stimulatory effects of alanine and aspartate, it was decided to 
check the effects of the corresponding keto acids. Table II sum- 
marizes the stimulatory effects of pyruvate and oxaloacetate as 
well as of malate, a compound closely related metabolically to 
oxaloacetate. The production of nicotinic acid per unit weight 
of cells was relatively high when both pyruvate and oxaloacetate 
or these two compounds plus malate were added as the carbon 
sources. The depressing effect of the presence of glucose can 
also be noted from the results in Table II. 


Experiments Conducted with Resting Cells 


Stimulation by Krebs Cycle Acids, Ribose, and Adenine—The 
foregoing experiments suggested that certain amino acids (aspar- 
tate, alanine, and glutamate) or keto acids (pyruvate and oxalo- 
acetate), and ribose might be precursors of nicotinic acid in ZL. 
coli. Experiments were designed to decide whether resting cells 
of E. coli could synthesize the vitamin if they were provided 
with these possible precursors. The data of Table III show that 
resting cells were able to produce small amounts of nicotinic 
acid in the presence of NH,CIl, ribose, and either glucose, pyru- 
vate or a 4-carbon dicarboxylic acid. In this experiment maxi- 
mal production of the vitamin was achieved when a mixture of 
pyruvate and a 4-carbon dicarboxylic acid was supplied. The 
addition of glucose to such mixtures inhibited synthesis. The 
magnitudes of nicotinic acid synthesis shown in Table III are 
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TABLE I 
Effect of amino acids on the production of nicotinic acid 
by growing cells of Escherichia coli 
The growth medium was ‘‘Medium N”’ (7) plus the additions 
shown. NH,* was added as NH,Cl in the amount recommended 
(7). Casein hydrolysate, pL-aspartate, pL-alanine, and pi-glu- 
tamate were each added at 1 mg per ml of medium. Sugars were 


added at 20 mg per ml. The cells were grown in 50-ml amounts 
of growth medium. 



































Amount of nicotinic acid present 
Cells 
Additions to medium ro- 
mced In cells Le Total oy 
mg ug ug ug mug 
Experiment A 
Glucose + NH,*..............- 50 | 12.0 | 2.5 | 14.5 | 290 
Glucose + casein hydrolysate..| 71 | 15.1 | 4.1 | 19.2] 271 
Glucose + casein hydrolysate + 
NON 35 Vis ei costo ace ee 98 | 27.3 | 4.7 | 32.0 | 326 
Casein hydrolysate + ribose...| 100 | 49.4 | 5.4] 54.8] 548 
Experiment B 
Gigeoss + NE... oo... sce; 41 | 5.5 | 13.8] 19.3] 470 
NI a acs nccniw counts 12| 5.7) 2.5] 8.2] 683 
Po a5 3s. son nace xte ees 11} 6.7 | 3.7 | 10.4] 945 
TIN ies i2 eC iseah eee 30 | 10.8 | 7.3 | 18.1 | 603 
Aspartate + glucose........... 42| 7.2] 5.6] 12.8] 304 
Aspartate + glutamate.........| 13 | 12.9] 8.2 | 21.1 | 1623 
Aspartate + alanine........... 30 | 9.8 | 26.0 | 35.8 | 1193 
Glutamate + alanine........... 28 | 12.2 | 19.0 | 31.2 | 1114 
TaBLeE II 


Stimulatory effects of pyruvate and dicarborylic acids on nicotinic 
acid production by growing cells of Escherichia coli 
The medium was ‘Medium C’’ (7) with the carbon sources 
listed under ‘‘Additions to Medium.’’ Glucose was added at 20 
mg per ml. Other additions were added at 1 mg per ml. Cells 
were grown in 50 ml amounts of growth medium. 























3 Amount of nicotinic acid present 
Additions to medium a 
3 &lIn cells x a Total Per ms 
me | ues ag Bg mus 
SA ee ayes 44) 9.0] 4.8] 13.8) 313 
Glucose + pyruvate............. 38 | 9.1] 2.0] 11.1 | 290 
DRS Fosse nscs5iceycmscuns 6| 1.3] 2.6| 3.9] 650 
Glucose + malate............... 76 | 17.0 | 3.2 | 20.2 | 266 
rato n Sass vane tess e chase 15} 4.0] 1.0] 5.0] 333 
NNO 5b 5550 cack eee 9} 0.9] 2.2] 3.1] 344 
Pyruvate + malate............. 20| 7.5] 4.3] 11.8 | 590 
Pyruvate + malate + glucose...| 77 | 14.7] 4.5 | 19.2] 249 
Pyruvate + oxaloacetate........ 16 | 3.7] 8.5 | 12.2 | 762 
Pyruvate + oxaloacetate + glu- 
MIE ore, ibe sox. Pusioae Sine eee 61 | 9.4] 9.7] 19.1] 313 
Pyruvate + oxaloacetate + ma- 
_ enter termes» 30 | 11.3 | 13.5 | 24.8 | 826 
Pyruvate + oxaloacetate + ma- 
late + glucose................ 80 | 18.9] 6.5 | 25.4} 317 








not as great as those observed in subsequent experiments carried 
out in reaction mixtures supplemented with adenine. Adenine, 
it was later discovered, exhibited significant stimulatory prop- 
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TABLE III 


Effects of glucose, pyruvate, malate, and succinate on nicotinic acid 
formation by resting cells of Escherichia coli 
The incubation system contained per 2 ml: 125 umoles of phos- 
phate (half potassium and half sodium salts) buffer at pH 7.0, 75 
umoles of NH,Cl, 20 umoles of ribose, 37 mg (dry weight) of cells, 
and additions as shown added in 20-umole amounts. Incubation 
was for 5 hours at 37°. 











Additions to system Nicotinic acid present 
ue 
None, acidified at 0 time...................... 12.7 
SS Sra re ts ah Ss RS ite eae 13.2 
TS tk Gt Vata hte Pode aoe we 15.0 
SS SES Oe ae ee on a ee 16.2 
EE Gene Re aE Ne Re ans 5 eer 17.1 
RE an See ee ee 16.2 
Ce ere ar ee 13.6 
ee ee 13.7 
a re ere 13.1 
WPINWENO PF TIRUO oo cc ec cc cee cece neces 17.9 
Pyruvate + euecinate..................... 19.5 
Pyruvate + malate + glucose........... 14.8 
Pyruvate + succinate + glucose..............| 13.3 


| 





TABLE IV 


Stimulatory effects of Krebs cycle acids, adenine, and ribose on 
nicotinic acid formation by resting cells of Escherichia coli 
The incubation system contained per 2 ml: 125 pmoles of phos- 

phate buffer at pH 7.0, 75 umoles of NH,Cl, 20 umoles of ribose, 

10 wmoles of adenine, 18.3 mg (dry weight) of cells, and additions 

shown added in 20-umole amounts (except for glucose which was 

added in 200-umole amounts). Incubation was for 3 hours at 37°. 





\Nicotinic acid present 





Additions to system 
ug 

Experiment A* 
None, acidified at 0 time.................. 4.22 
a Rene eho e DNaVadna Marea ied « a3.eb-s 4.30 
NS od chiA R dele hokn its 1056 kao Hise 4.28 
a ee 6.36 
Pyruvate + succinate... 02.6... cece eee 6.36 
Pyruvate + fumarate..................... 6.09 
NIN A GRBBERO So ois os ae hose ee enss 5.19 
Experiment B 
Tae gl Pye SEI a? ay Rd a a aoe el ao 3.72 
SO aS en ae Oo ee 3.66 
Pyruvate ++ succinate......6:..........0.605.. 5.47 
Pyruvate + succinate (omit ribose)........... 3.34 
Pyruvate + succinate (omit adenine).......... 3.32 
Pyruvate + succinate (omit ribose and ade- 

RR pee ae nes ia era eer 3.44 








* The figures given under Experiment A were averages of 5 
separate experiments. 


erties. A comparison of the stimulatory effects of the various 
Krebs cycle acids when each was tested in the presence of ade- 
nine and pyruvate (Experiment A, Table IV), showed that 
malate, succinate, and fumarate were approximately equally 
active and that citrate was somewhat less active. Additional 
experiments have indicated that oxaloacetate is also about as 
effective as the other 4-carbon acids. The stimulatory effects 
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of these compounds were not duplicated by any of the amino 
acids; ornithine (11, 12) and tryptophan (13) previously have 
been reported to stimulate bacterial synthesis of nicotinic acid, 

The data of Experiment B, Table IV, show the necessity for 
the presence of both ribose and adenine for maximal production of 
the vitamin. Adenine was tested because ribose was stimulatory, 
and if a pyridine nucleotide or nucleoside might be the initial 
nicotinic acid-containing product of biosynthesis, the need for an 
external source of ribose to achieve maximal synthesis of the 
product might be accompanied by a requirement for an external 
source of adenine. 

Effects of 3-Carbon Compounds Other than Pyruvate—Of a va- 
riety of 3-carbon compounds (including glyceraldehyde, f-ala- 
nine, and 1,2-propanediol), only those listed in Table V could 
replace pyruvate. Glycerol, dihydroxyacetone, and glyceric acid 
all stimulated the synthesis of nicotinic acid when each was 
tested alone. An even greater stimulation was observed when 
each of these compounds was tested in the presence of succinate. 
Maximal synthesis was achieved when glycerol, succinate, and 
pyruvate were added to the same reaction mixture (see Experi- 
ment A, Table V). The results summarized in Experiment B, 
Table V, show that propionate can be used in place of glycerol as 
a 3-carbon donor, but that it cannot be used in place of succinate. 
Indeed, propionate inhibited synthesis of the vitamin when tested 
in the presence of glycerol. As before, it was found that the de- 
letion of adenine or ribose from incubation mixtures resulted in 
little or no synthesis of nicotinic acid. 

Other Properties of Resting Cell System—By varying the con- 
centrations of both the 3-carbon compound (glycerol) and the 4- 
carbon compound (succinate) it was determined that maximal 
synthesis resulted when each component was used at a concentra- 
tion of 10 umoles per ml. Investigations of nicotinic acid synthe- 
sis as a function of time and of pH showed that maximal synthe- 
sis was achieved in about 2 hours and that pH 6.0 was better 
than pH 7.0 in the presence of any active 4-carbon compound 
together with either glycerol or pyruvate. The latter may bea 
result of the acids being less charged at pH 6.0 and therefore more 
easily concentrated from the medium by the cells. 

In general, resting cells harvested from cultures grown in such 
a way that they were relatively rich in nicotinic acid or nicotinic 
acid-containing compounds did not synthesize any of the vitamin. 
Thus it is important to grow the cells in a medium which contains 
no external source of the vitamin so that the intracellular content 
of nicotinic acid is dependent only on the rate at which the cells 
can synthesize the vitamin during growth. 

Determinations of the distribution of nicotinic acid-containing 
compounds in an incubated reaction mixture revealed that these 
compounds were present only in the cells (none could be found in 
the incubation medium). Also, these compounds were found to 
consist of nicotinamide and pyridine nucleotides (no nicotinic 
acid was present). The identity of these compounds was estab- 
lished by chromatography (on paper) of a hot water extract of 
the cells followed by the preparation of bioautograms according 
to the general procedure of Winsten and Eigen (14). L. arabino- 
sus was used as the test organism for this purpose. 

Incorporation of C'*-Compounds into Nicotinic Acid—The results 
which have been described suggested that a 3-carbon compound 
(either pyruvate or glycerol or compounds related to glycerol) 
and 4-carbon dicarboxylic acid are used as precursors of nicotinic 
acid. To decide whether these compounds are actually incor- 
porated into nicotinic acid, the suspected precursors labeled with 





Oct 


CH y 
dro}: 
the 1 
for C 
in T: 
latec 
corp 
ruva 
unki 
glyce 
signi 
subs' 
1,44 
radic 
tive 
nonr 
C-¢ 
acid 
incol 
glucc 
of C 
the | 
amo 
How 
sepal 
prev’ 
unkn 
has | 
same 

Fr 
radic 


Stim 


Th 
Tabl 
inste 
Incul 


Expe 
None 
Glue 
Succi 
Glye 
Glye 
Glye 
Dihy 
Dihy 
Glye 
Glye 


Expe 
None 
Succi 
Glye 
Succi 
Prop 
Succi 
Glye 


0. 10 


Amino 

have 
- acid. 
ty for 
tion of 
atory, 
initial 
for an 
of the 
ternal 


a va- 
B-ala- 
could 
ic acid 
h was 
when 
cinate, 
e, and 
)xperi- 
ent B, 
erol as 
cinate. 
tested 
the de- 
Ited in 


1e con- 
the 4- 
aximal 
centra- 
syynthe- 
synthe- 
better 
:pound 
iy be a 


‘e more 


in such 
icotinic 
itamin. 
ontains 
-ontent 
he cells 


taining 
it these 
und in 
und to 
icotinic 
3 estab- 
rract of 
cording 
rrabino- 


> results 
npound 
lycerol) 
icotinic 
y incor- 
ed with 





October 1960 


C™ were incubated with resting cell preparations and, after hy- 
drolysis and the addition of unlabeled nicotinic acid as carrier, 
the vitamin was isolated in the form of the picrate and analyzed 
for C4. The results of several such experiments are summarized 
in Table VI. One interesting observation is that pyruvate stimu- 
lated the production of nicotinic acid, but its carbon was not in- 
corporated into the vitamin. The stimulatory properties of py- 
ruvate must therefore be a result of some indirect and, as yet, 
unknown effect. Carbon from the other radioactive precursors, 
glycerol and succinate, was incorporated into nicotinic acid in 
significant quantities when each compound was used as the sole 
substrate, and both species of labeled succinate (2,3-C™ and 
1,4-C™) were incorporated. Moreover, the addition of non- 
radioactive glycerol did not abolish the incorporation of radioac- 
tive succinate into nicotinic acid and likewise the addition of 
nonradioactive succinate did not abolish the incorporation of 
C-glycerol. Again the inhibiting effect of glucose on nicotinic 
acid synthesis can be noted. Thus neither net synthesis nor 
incorporation of C'-succinate into nicotinic acid occurred when 
glucose was also present in the reaction mixture. The amount 
of C!4-glycerol incorporated (when this compound was used as 
the sole substrate) was relatively low when compared to the 
amount incorporated and reported in a previous publication (1). 
However the result given in Table VI has been reproduced in 3 
separate experiments and it must therefore be concluded that the 
previous alue (1) was anomalously high for reasons which are 
unknown. Each of the experiments summarized in Table VI 
has been repeated at least once with results substantially the 
same as those shown. 

From the amount of nicotinic acid synthesized and the specific 
radioactivities of the nicotinic acid picrate isolated and the ra- 


TABLE V 
Stimulatory effects of glycerol and related compounds on nicotinic 
acid formation by resting cells of Escherichia coli 
The composition of the incubation mixtures was as given in 
Table IV except that the incubations were carried out at pH 6.0 
instead of pH 7.0. Cells (18 mg) were added to each mixture. 
Incubation was for 34 hours at 37°. 








Additions to system Nicotinic acid present 
ug 
Experiment A 
Mee hues. janes? ie) hee. Ge: 4.65 
eiebes.3 ares erites see. 1c. ds; Meee 4.52 
MECUINALE =} DYEUVALE. «0060043. daira dsietaave 7.92 
OE Ya Er Rep ene nee Mat mnun sere 7.75 
SMYCOFO! +- GUCCITIALO. 5,6... «6:66:00: oadus-o.cgaate hm 8.65 
Glycerol + succinate + pyruvate............. 10.04 
nV NOM UROIOINE 6. on oni s ou Sey nea eles Bae 8.63 
Dihydroxyacetone + succinate................ 8.66 
MOMS MONE 5k Tia tiee ee ee ts eae ene 6.04 
Glyceric acid + succinate..................... 7.00 
Experiment B 
DONE 2 acco ica it dn! ateduuce seat ann 4.43 
MNRIIOUIN 6. otcka ui hetsrtswig ls Ree eee ee 7.24 
meveeran 2007054, (02 i, See OR 7.92 
Succinate + glycerol.......................4.. 9.28 
I so ae 4.30 
Succinate + propionate....................... 9.05 
Glycerol + propionate.....................-.5 4.93 
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TaBLe VI 


Incorporation of radioactive succinate and glycerol into nicotinic 
acid by resting cells of Escherichia coli 

Incubation mixtures were prepared as described in Table IV 

(except at pH 6.0 instead of pH 7.0). The specific activities of 

the radioactive compounds added to the reaction mixtures were: 

pyruvate, 1.2 ue per wmole; glycerol-1,3-C'*, 0.5 uc per umole; 

succinate-2,3-C', 1 we per umole; succinate-1,4-C, 0.5 ue per 






































umole. Incubation was for 3} hours at 37°. 

Be 8 

8 >a =| 

“ i Ss 3 33 ee 
3| Radioactive substrate ae 9g z 3% 23 By 3B 
1 = 2 3 $38 os 
é | 38 £3] 3 | 

wa O14 Oo n o 

mg | ug | meg Sar yong 
1| Pyruvate-2-C™ Succinate /19.3/4.10/20.0) 2 2 
2| Succinate-2,3-C'* | Pyruvate [14.1/2.34/20.5) 44 43 
3 | Succinate-2,3-C'* | Pyruvate + |15.8/0 (20.6) 0 0 
glucose 

4| Glycerol-1,3-C'* | None 25.8)3 .68/20.6) 24 47 
5 | Glycerol-1,3-C'™ | Succinate |25.8/4.48/23.0) 24 42 
6 | Succinate-2,3-C'* | None 25 .8)/3.68/22.4) 49 44 
7 | Succinate-2,3-C'* | Glycerol 25.8/3.68/25.2) 68 54 
8 | Succinate-1,4-C'* | None 24.0/2.11/20.8) 39 75 
9 | Succinate-1,4-C'* | Glycerol 24.0/2.14/20.3) 23 45 





* These values have been corrected for 0 time blanks which, 
except for experiment 3, amounted to 40 to 60% of the total nico- 
tinic acid present at the end of the incubation period. 

t Normalized to the addition of 20 mg of carrier nicotinic acid 
and to the use of radioactive substrates with a specific activity 
of 1.0 ue per umole. 


dioactive substrates used for each experiment, the number of 
moles of substrate incorporated per mole of nicotinic acid synthe- 
sized could be calculated. These figures vary somewhat from 
one experiment to another but in all cases fall within the range of 
0.4 to 2.0 moles of radioactive substrate incorporated per mole 
of vitamin formed. These figures have purposely been left out 
of Table VI because it was felt that in experiments with whole 
cells such calculations might not mean much and therefore might 
be misleading. In particular, it is impossible to predict how 
much a given radioactive substrate might be diluted by intra- 
cellular pools of that compound and of other materials which 
could easily be metabolized to that compound. However, the 
calculated values mentioned above do show that the amount of 
radioactive compound used for synthesis of the vitamin was not 
trivial. 

The data presented above provide conclusive evidence that the 
carbon chains of glycerol and succinate are utilized in the synthe- 
sis of nicotinic acid. However, they do not permit any conclu- 
sions regarding the location within the nicotinic acid molecule 
of any specific radioactive carbon atom derived from a known 
radioactive substrate. The only available method which might 
be helpful in drawing such conclusions is the decarboxylation to 
yield CO: from the carboxy] group and pyridine from the pyridine 
ring of nicotinic acid. Certain of the picrates described in Ta- 
ble VI were converted to nicotinic acid which was decarboxylated, 
and the two reaction products were isolated and analyzed for 
radioactivity. The results of these analyses, given in Table VII, 
show that the labeled carbon of glycerol-1 ,3-C, when added as 
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Tasie VII 


Distribution of C'* in nicotinic acid produced by resting cells of 
Escherichia coli from radioactive glycerol and succinate 























| Specific activities, c.p.m. per umolet 
} 
+a . 4 N dioac- | | | Pyridine 
= Radioactive substrate dee taanes | Picrate of | a. ‘4 picrate, 
£ —- | — } P icra 
a | micotinic : ss 
5 * | acid — 
4| Glycerol-1,3-C' None 24 . 4 15 
5| Glycerol-1,3-C' Succinate 24 0 18 
6 | Succinate-2,3-C'* | None 2s... 8 | 40 
7| Succinate-2,3-C'™ Glycerol | 68 1 44 
8| Succinate-1,4-C'* | None 39 6 18 
9| Succinate-1,4-C'* | Glycerol | 23 26 | 3 





* The numbers refer to the experiments of the same numbers 
listed in Table VI. 

+ The variations in recovery of counts originally in nicotinic 
acid as carbonate and pyridine is probably due to experimental 
errors since each value is subject to a counting error of +8%. 


the sole substrate, was incorporated mainly into the pyridine ring 
portion of the vitamin, but also to some extent into the carboxyl 
group. However, the addition of nonradioactive succinate to the 
reaction mixture (Experiment 5) appeared to diminish the incor- 
poration into the carboxyl group. Carbon atoms 2 and 3 of suc- 
cinate largely were incorporated into the pyridine ring in the 
absence or the presence of nonradioactive glycerol. The car- 
boxyl carbon atoms of succinate (carbons 1 and 4) were incor- 
porated into both the carboxyl group and the pyridine ring when 
succinate was used as the sole substrate, but when nonradioactive 
glycerol was also present, were used almost exclusively for the 
formation of the carboxyl carbon. Thus, it appears that, in the 
presence of both glycerol and succinate, the pyridine ring of the 
vitamin is formed from the carbon chain of glycerol and carbon 
atoms 2 and 3 of succinate and that the carboxy] group of nico- 
tinic acid is derived from one of the carboxy] groups of succinate. 


DISCUSSION 


The results presented here suggest that in E. coli nicotinic acid 
is formed by an initial reaction of a 3-carbon compound (either 
glycerol or a compound closely related to glycerol) with a 4-car- 
bon dicarboxylic acid to yield presumably a 7-carbon intermedi- 
ate which might then be further metabolized via a number of 
unknown enzymatic reactions eventually to yield nicotinic acid 
or a bound form of this vitamin. Probably a decarboxylation 
step would be included among these unknown reactions, since 
nicotinic acid contains only 6 carbon atoms. The data which 
have been presented do not permit any conclusions to be drawn 
concerning the immediate 3-carbon and 4-carbon compounds 
which might react in this system since intact cells possess a high 
capacity to metabolize an external source of a compound and thus 
form a new compound which might be a more immediate pre- 
cursor. 

The data from experiments with propionate suggest that this 
compound can be used as the 3-carbon donor in place of glycerol. 
This tentative conclusion requires confirmation by the use of 
C*-propionate as substrate, especially since pyruvate is one of the 
3-carbon compounds stimulating nicotinic acid synthesis but is 
not a carbon-donor for synthesis.' 


1 Note added in proof: Radioactive propionate has now been 
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The requirement for ribose and adenine for maximal synthesis 
suggests that a pyridine nucleoside or nucleotide might be the 
initial nicotinic acid compound formed enzymatically; 1.e. the 
ribose may become attached to a precursor of nicotinic acid before 
the pyridine ring is formed in a manner analogous to the way 
that purines are formed enzymatically (see review by Buchanan 
and Hartman (15)). In such a case, nicotinic acid would not 
be an intermediate in the formation de novo of pyridine nucleo- 
tides. Work is currently underway in this laboratory to gather 
enough information to decide whether or not this is true. No in- 
formation is available on the source of the nitrogen atom of the 
pyridine ring of nicotinic acid. It appears not to be derived 
directly from the incorporation of an amino acid into nicotinic 
acid since amino acids are inactive as substrates in the resting 
cell systems. If the hypothesis is correct that ribose is added to 
a precursor of nicotinic acid, then the possibility should be con- 
sidered that the nitrogen atom might be added simultaneously, 
possibly in the form of a ribosylamine compound, again analogous 
to a similar reaction which occurs in the biosynthesis of purines 
(15). 

It seems reasonably clear now that the tryptophan pathway for 
nicotinic acid formation does not operate in E. coli or in certain 
other bacteria. This conclusion is based on the findings of Yan- 
ofsky (5), Stainer and Tsuchida (4), and the data of the present 
communication. However, the possibility still remains that 
other bacteria might utilize the tryptophan pathway. Thus 
tryptophan and various compounds known to be intermediates 
in the tryptophan pathway have been reported to be active in 
place of nicotinic acid in promoting the growth of Xanthomonas 
prunt (16, 17). The tentative conclusion that these compounds 
are precursors of the vitamin should be confirmed with radioac- 
tive tracer experiments. 

It is not too surprising to find that the tryptophan pathway 
does not operate for nicotinic acid synthesis in bacteria. Molecu- 
lar oxygen has been found to be required for three separate en- 
zymatic steps in the conversion of tryptophan to nicotinic acid 
(2). These oxygen requirements would seem to preclude the 
operation of the pathway in anaerobic bacteria, several of which 
produce relatively large amounts of nicotinic acid. 

The possibility now appears likely that bacteria synthesize 
the pyridine ring of nicotinic acid by a mechanism similar to that 
utilized by tobacco plants for the synthesis of the pyridine por- 
tion of nicotine. Griffith and Byerrum (18) have reported that 
growing tobacco plants incorporate carbon from acetate-2-C¥ 
but not from acetate-1-C™, into the pyridine ring of nicotine. 
These results are consistent with those reported in the present 
paper which show that carbon atoms 2 and 3 of succinate are 
incorporated mainly into the pyridine ring of nicotinic acid and 
carbon atoms 1 and 4 into the carboxyl group of the vitamin. 
Acetate-2-C™ would be expected to be metabolized to succinate- 
2,3-C™ and acetate-1-C™ to succinate-1,4-C“. Other evidence 
which indicates the similarity of the two biosynthetic pathways 
is that radioactive glycerol is also an efficient precursor of the 
pyridine ring of nicotine (19). 


SUMMARY 


1. The production of nicotinic acid by growing cultures of 
Escherichia coli was increased by the addition to the growth me- 





tested in the system. Neither propionate-1-C™ nor propionate- 
2-C'* gave rise to C'*-nicotinic acid when added to resting cell sus- 
pensions along with succinate. Thus, propionate resembles pyru- 
vate in that it stimulates the synthesis of nicotinic acid but its 
carbon atoms are not incorporated into the vitamin. 
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dium of alanine, aspartic acid, glutamic acid, or the keto acids, 
pyruvate and oxaloacetate. The presence of glucose in the 
growth medium depressed production of the vitamin, but under 
certain conditions, the presence of ribose was stimulatory. 

2. Resting cell suspensions of E. coli were able to synthesize 
nicotinic acid (or a “bound” form of the vitamin) only if an ex- 
ternal source of either a 3-carbon compound (glycerol, glyceric 
acid, dihydroxyacetone, and pyruvate were all effective) or an 
acid from the Krebs tricarboxylic acid cycle was supplied. Maxi- 
mal synthesis was achieved in the presence of glycerol, a 4-carbon 
dicarboxylic acid, ribose, and adenine. Glucose inhibited syn- 
thesis. 

3. Although the addition of pyruvate to the resting cell 
system stimulated the production of nicotinic acid, C-labeled 
pyruvate was shown not to be a carbon donor to the newly syn- 
thesized vitamin. It was concluded that the stimulatory prop- 
erties of pyruvate must therefore be a result of some indirect 
and as yet unknown effect. 

4. The carbon chains of both C-labeled glycerol and C'*-la- 
beled succinic acid were efficiently incorporated into newly syn- 
thesized nicotinic acid by the resting cell system. Nicotinic acid 
produced by cells incubated with succinic acid-1 ,4-C™ and non- 
radioactive glycerol contained C" in the carboxyl group and little, 
if any, in the pyridine ring. Nicotinic acid produced from suc- 
cinic acid-2 ,3-C™ and nonradioactive glycerol was labeled largely 
in the pyridine ring with only a relatively small amount of C™ in 
the carboxyl group. Finally, nicotinic acid produced from glyc- 
erol-1,3-C™ and nonradioactive succinic acid appeared to con- 
tain C™ only in the pyridine ring portion of the molecule. From 
these results it was concluded that in E. coli the carbon skeleton 
of nicotinic acid is probably derived from a 3-carbon compound 
(either glycerol or a compound related metabolically to glycerol) 
and a 4-carbon dicarboxylic acid and that these compounds re- 


M. V. Ortega and G. M. Brown 


2945 


act in such a way that one of the carboxyl groups of the dicar- 
boxylic acid becomes the carboxy] group of nicotinic acid. 
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Although the detailed secondary structure of native deoxy- 
ribonucleic acid has been fairly well understood for some time 
(1), that of ribonucleic acid is only beginning to be clarified to a 
comparable degree. Doty et al. (2) have recently presented a 
tentative model for ribonucleic acid structure which is interme- 
diate to the completely helical and completely amorphous ex- 
tremes, and which consists of short helical segments which alter- 
nate with random regions. It is as yet uncertain whether the 
helical regions are parallel or antiparallel in character. In the 
former case a ribonucleic acid molecule would have to include 
two or more polynucleotide strands. In the latter case there 
exists the additional possibility that a single strand might be 
bent back upon itself to form hairpinlike helical regions of lim- 
ited extent. If this model proves to be correct, there remains, 
of course, the difficult problem of how the helical regions pre- 
serve their stability in the face of the severe steric difficulties 
imposed by the inevitable occurrence of extensive mismatching. 

In any event it is obviously desirable to approach the problem 
by as many avenues as possible. One possible approach is to 
study the properties of the biosynthetic polyribonucleotides 
which have recently become available. These have the definite 
advantage of permitting a systematic variation of composition. 
The present study is centered upon copolymers of adenylic and 
uridylic acids, which possess the further advantage of having 
undergone some degree of characterization in the hands of other 
workers (3). 

It was early recognized by Heppel et al. (3) that the biosyn- 
thetic copolymers of adenylic and uridylic acids produced by the 
polynucleotide phosphorylase of Azotobacter vinelandii possessed 
the C-5’—C-3’ phosphodiester linkage characteristic of all the 
natural and biosynthetic polynucleotides which thus far have 
been studied. It was also found that the linear distribution of 
nucleotides was essentially random in nature, and that the prob- 
ability of occurrence of a sequence of adenylic or uridylic resi- 
dues of a given length was apparently governed by purely sta- 
tistical considerations (3). This latter feature presumably 
represents a departure from the case of natural ribonucleic acid, 
the biological activity of which is inexplicable except in terms of 
some specificity of sequence. Nevertheless, it might be expected 
that the over-all physical properties of poly AU! would be anal- 
ogous to those of native ribonucleic acid as there is no reason to 
suppose that the latter depend in any way upon the base se- 
quence, in view of the similar behavior of ribonucleic acids from 
many sources (2). 

An additional question also arises in the case of biosynthetic 


* The opinions expressed in this article are those of the author 
and not necessarily those of the Navy. 

1The abbreviation used is: poly AU, biosynthetic copolymers 
of adenylic and uridylic acids. 


poly AU. As is well known, polyadenylic acid itself can inter- 
act with either polyuridylic acid or polyinosinic acid to form 
highly helical multistranded complexes (4-6). In addition, poly- 
adenylic acid undergoes a characteristic structural transition at 
acid pH values to a more highly organized form (7, 8). It is of 
interest, from a purely physicochemical viewpoint, to determine 
the extent of “dilution” of the polyadenylic acid chain by uri- 
dylic residues required to abolish these interactions. 

In an earlier publication the author has presented spectral 
evidence that the interaction with polyuridylic acid persists for 
AU copolymers of high uridylic content (9). Fresco and Alberts 
(10) have subsequently extended these observations and have 
proposed a model for the complex formed by poly AU with 
polyuridylic acid. According to this model, the mismatched 
uracils of poly AU form noninterfering loops which are exterior 
to the A + U or A + 2U helices. Thus the complexes formed 
would correspond to the hydrogen bonding of each uracil of 
polyuridylic acid with each adenine of poly AU for the A + U 
complex or of two uracils with each adenine in the case of the 
A + 2U complex. The model of Fresco and Alberts predicts 
that minima in the ultraviolet spectral mixing curves will occur 
when the uracil content of polyuridylic acid is equal to the ad- 
enine content of poly AU added if the A + U complex is formed, 
or to twice the adenine content if the A + 2U complex is formed. 

In summary, the present paper will deal with the properties 
of poly AU preparations as a function of their uridylic content. 
The points to be discussed will include the over-all shape of the 
molecular domain, the fractional helical content, and the ca- 
pacity of the copolymers to interact with polyuridylic acid. 


EXPERIMENTAL PROCEDURE 


With a single exception, all of the copolymers which are dis- 
cussed in the present paper were prepared by the action of the 
polynucleotide phosphorylase (or phosphorylases) of Micrococcus 
lysodeikticus upon mixtures of ADP and UDP of appropriate 
mole ratios. The sole exception, poly AU XII, was obtained as 
a gift from Dr. D. Davies and was prepared by the use of the 
corresponding enzyme of A. vinelandii. 

Enzyme preparations from M. lysodetkticus cultures were ob- 
tained from Dr. R. Beers. The methods of growing the bacteria 
and of isolating the enzyme (or enzymes) have been described 
elsewhere (11). The enzyme was received in solution and was 
stored in the frozen state. Inasmuch as the various preparations 
showed wide variations in specific activity, the appropriate 
quantity of enzyme to be added was determined empirically 
in each case by trial runs with minimal quantities of reagents. 
Normally, the concentration of enzyme was adjusted to a level 
which permitted completion of the reaction within about 4 hours. 

The reaction mixtures were as follows: 100 mg of nucleoside 
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diphosphate, 0.5 ml of 0.5 m Tris buffer at pH 9.5, 0.5 ml of 
0.01 m MgSO,, 15.0 ml of H.O, and 0.1 to 1.0 ml of enzyme solu- 
tion. 

The reaction mixture was incubated at 37°. The extent of 
reaction was followed via the formation of inorganic phosphate 
according to the scheme 


n(XDP) — (XMP), + n Pi 


Aliquots (0.1 ml) were withdrawn at 1500-second intervals 
and analyzed for phosphate by the Fiske-SubbaRow method. 
When the phosphate concentration attained a plateau, the re- 
action mixture was chilled to 3° and made 0.5 m in KCl and 0.01 
m in Versene (ethylenediaminetetraacetate). The polymer was 
then precipitated with ethanol, redissolved, and protein removed 
by the CHCl; emulsification method, according to the procedure 
described elsewhere (11). After a final ethanol precipitation, 
the polymer was washed successively with 80% ethanol, absolute 
ethanol, and absolute ether. It was then dried in a vacuum and 
stored at —5° until use. 

The nucleoside diphosphates were purchased from the Sigma 
Chemical Company and were used without further purification. 

The base composition of the copolymers was determined in 
two ways. In the first of these, a 1% solution was hydrolyzed 
by treatment for 1 hour at 100° in 0.1 mM NaOH and then chroma- 
tographed on Whatman No. 1 paper, with a descending system 
and a solvent containing 600 g of (NH4)2SOx, 1 liter of H.O, and 
20 ml of n-propanol. 

This system separated adenylic and uridylic acids and resolved 
the former into its 2’ and 3’ isomers. Commercial preparations 
of mixed 2’- and 3’-AMP and UMP were used as markers. The 
spots were detected by their quenching of the fluorescence of the 
filter paper induced by irradiation with a Mineralight lamp. The 
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spots were then cut out and eluted with 5 ml of 0.01 m HCl. The 
absorbancy of the eluates at 260 mu was measured. The ratio 
of absorbancies yielded, after correction for the different molar 
absorbancies of AMP and UMP, the ratio of adenine to uracil 
in the original copolymer. 

The alternative method consisted of an ultraviolet spectral 
analysis of the alkaline hydrolysate. The absorbancies at 230 
and 260 my were measured at pH 11.5 and 7.0. The mole frac- 
tion of uridylic residues was computed from the relationships: 





x, - 2540 =) _ 0.2826 — 1) 
“0.76 — 0.54a 0.391 + 0.0728 


where 
a = Ade, pH 11.5/Ac6, pH 7 
B = Ao, px 1.5/Ao30, pH 7 


The average of the values computed by the two methods 
was obtained in each case. Table I gives the compositions of 
the various copolymers. The fractional contents of UMP cited 
are accurate to within +3%. 

Concentrations were determined from the absorbancy at 260 
my of alkaline-hydrolyzed aliquots with use of the mean molar 
extinction coefficient computed for the known base composition. 

Ultraviolet absorbancy measurements were carried out with a 
Beckman model DU spectrophotometer, equipped with a thermo- 
stated cell compartment. 

Hydrogen ion titration curves were obtained with the same 
technique as was described in an earlier publication (8). Seven 
milliliters of solvent were introduced into a magnetically stirred, 
thermostated titration cell equipped with a nitrogen bubbler. 
The solvent was titrated to pH 3.8, flushed with nitrogen to re- 




















TABLE I 
Molecular parameters 
Pree of ntoly tenction Sitvent Pie {in}? Mw? Ro° ze 
oH x 104 X 10-8 A 

AU III 0.25 0.1 m KCl, 0.01 mM NaOAc 6.5 5.0 285 0.14 
AU V 0.18 0.1m KCl, 0.01 m NaOAc 6.5 8.3 4.25 160 0.11 
AU VII 0.38 0.1m KCl, 0.01 m NaOAc 6.5 4.6 | <200 <0.1 
AU IX 0.25 0.1 m KCl, 0.01 m NaOAc 6.5 8.0 
AU X 0.29 0.1m KCl, 0.01 m NaOAc 6.5 5.7 
AU XI 0.71 0.1 m KCl, 0.01 m NaOAc 6.5 4.3 
AU XII 0.37 0.1m KCI,0.01mNaOAc | 6.5 17.2 

| 
AU XIV 0.45 | 0.1mKCI,0.01mNaOAc | 6.5 20.9 
AU XV 0.55 0.1 m KCl, 0.01 m NaOAc 6.5 10.1 
AU XVI 0.69 0.1 m KCl, 0.01 m NaOAc | 6.5 8.0 
AU XVII 0.37 0.1m KCI,0.0l1mNaOAc | 6.5 7.7 

| 

0.0001 m NaCac 6.6 40.0 
0.0001 m NaCac,0.1m KCl | 6.6 2.0 

| 
AU XIX 0.27 | 0.1mKCI,0.01mNaOAc | 6.6 6.7 
AU XX 0.40 0.1 m KCl, 0.01 m NaOAc | 6.6 2.6 

















* Intrinsic viscosity. 
> Weight average molecular weight from light scattering. 
¢ Root-mean-square radius of gyration from light scattering. 


¢ Ratio of end-to-end separation to contour length. R = end-to-end separation = 1/6 Re. 


of polymerization. 


L. = contour length = 3.4 degree 








TaBLeE II 
Ribonuclease hydrolysis of poly AU XX 

Conditions of ribonuclease hydrolysis: 1.4% poly AU in 0.1 m 
KCl; 0.01 m Tris, pH 8.1; 1 mg per ml of ribonuclease; 24 hours at 
37°. 

Conditions of alkaline hydrolysis: aliquot of above made 0.1 m 
in NaOH, heated 1 hour at 100°. 

Solvent for paper chromatography: saturated (NH,)2SO,-n- 
propanol (see ‘Experimental Procedure’’). 

The cited optical densities for UMP have been multiplied by a 
factor which compensates for the differing molar absorbancies of 
AMP and UMP. 











Digest Component | Cott mite Ratio AUMP: 4sum 
260 mu (corrected) 
Ribonu- UMP | 0.0495 0.24 + 0.03 
clease ApUp, ApApUp,etc. | 0.155 
Alkaline UMP 0.05252 0.41° + 0.02 
AMP 0.075 











2 A representative determination. 
+ The average of three determinations. 


move COs, and then retitrated to neutrality. An aliquot of 
concentrated stock solution was then added and the titration 
repeated. Standardized HCl or NaOH was added with a cali- 
brated microsyringe. The pH value was measured with a Beck- 
man model G pH meter equipped with external electrodes. 

Light scattering measurements were made with a Phoenix light 
scattering photometer. The method of calibration and the de- 
tailed technique of measurement have been described elsewhere 
(8). For measurements over a range of angles a fluorescein-cali- 
brated cylindrical cell, furnished by the above company, was 
used. Before measurement, each solution was clarified by cen- 
trifugation at 20,000 x g in a Sorvall centrifuge until constant 
scattering properties were attained. 

Sedimentation measurements were made with a Spinco model 
E ultracentrifuge. Schlieren optics were utilized. 

Measurements of optical rotation were made with a Keston 
polarimetric attachment (furnished by the Standard Polarimeter 
Corporation) in conjunction with a Beckman model DU spec- 
trophotometer. The instrument was equipped with a jacketed 
10-cm cell for temperature control. Aqueous sucrose solutions 
were used for calibration. 

Glass-redistilled water and analytical grade reagents were 
used for all investigations. 


RESULTS 


Nucleotide Sequence—Heppel et al. (3) have demonstrated 
fairly conclusively that AU copolymers produced by the A. vine- 
landii enzyme possess an essentially random distribution of nu- 
cleotide sequences. However, this has not yet been done in the 
case of copolymers synthesized by the M. lysodeikticus enzyme 
and, indeed, it has not yet been demonstrated that the latter 
enzyme produces true copolymers. 

In fact, the work of Olmstead and Lowe (12) has provided some 
evidence for the existence of several enzymes (or sites) of dif- 
ferent specificity in the M. lysodeikticus system. This in turn 
raises the possibility that the products of incubation of the en- 
zyme system with a mixture of ADP and UDP might be merely 
a mixture of polyadenylic acid and polyuridylic acid or that 
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extended sequences of adenylic and uridylic residues might occur 
in a single molecule. 

In an effort to circumvent this difficulty, both direct and in- 
direct evidence was sought as to the copolymer nature of the 
poly AU produced by the M. lysodetkticus enzyme. Indirect 
evidence was obtained via a comparison of the properties of a 
sample of poly AU prepared with the A. vinelandii enzyme with 
those of copolymers of similar net composition produced by the 
M. lysodeikticus enzyme. As will be shown in following sections 
there was no appreciable difference in behavior between the two. 

More direct evidence was obtained by a paper chromatographic 
examination of the products of exhaustive ribonuclease digestion 
of the copolymer (3,13). Incubation of poly AU XX (x, = 0.40) 
with 1 mg per ml of ribonuclease for 24 hours at 37° resulted in 
the liberation of only about half of the uridylic residues as 3’- 
UMP. When chromatographed with the isopropanol-NH; sol- 
vent used by Heppel et al. (3), a series of spots with Rr values 
lower than that of 3’-UMP was observed. These presumably 
corresponded to oligonucleotides of the type ApUp, ApApUp, 
ApApApUp, etc.? in view of the preferential cleavage of 3’-esters 
of pyrimidine nucleosides by ribonuclease (3, 13). 

When chromatographed with the saturated (NH,)SO,-n- 
propanol solvent described earlier, only one mobile spot was 
observed, which moved with an Ry corresponding to 3’-UMP. 
The balance of the material remained at the origin. The two 
spots were cut out and eluted with 0.01 M HCl. Because of 
the known specificity of ribonuclease, which cleaves bonds of 
the type UpU and UpA but does not cleave bonds of the type 
ApU (3, 13), the UMP residues that are united to AMP residues 
by phosphodiester linkages which proceed from position C-5’ of 
uridine will occur in the ribonuclease hydrolysate as terminal 
residues of AMP sequences. The fraction of UMP residues in 
this state will be equal to the fraction which was esterified in 
position C-5’ to AMP residues in the original copolymer. In 
contrast, exhaustive alkaline hydrolysis breaks all phosphodi- 
ester bonds and converts the copolymer quantitatively to UMP 
and AMP. By a comparison of the ratio of the absorbancy of 
the UMP eluate to the sum of the two with the corresponding 
ratio for a complete alkaline hydrolysate, the fraction of uridylic 
residues which were preceded by adenylic residues (7.e. esterified 
in position C-5’ to adenylic residues) in the original copolymer, 
and hence occurred as oligonucleotides in the hydrolysate, was 
computable. In a control experiment it was found that poly- 
uridylic acid was quantitatively hydrolyzed to 3’/-UMP under 
the same conditions. The details of the above experiments are 
given in Table IT. 

As Table II shows, the ratio of the quantities 


AvP (oorr.) 

Atotal 
for the ribonuclease and alkaline digests was equal to 

0.24 

0.41’ 
or 0.59. This should be equal to the fraction of uridylic resi- 
dues which are linked to adenylic residues in the original 
copolymer via position 5’. This quantity is close to the value 


(0.60) expected for a random distribution. 
The copolymers at concentrations of 5 mg per ml were routinely 


?The nomenclature is that of Heppel et al. (8). 
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subjected to ribonuclease hydrolysis at a level of 100 mg of 
ribonuclease per ml (2 hours at 37°, 0.01 m Tris, 0.1 m KCl, pH 
8.2). In each case the copolymer was cleaved to oligonucleotides 
of sedimentation coefficient less than 1 Svedberg unit. In view 
of the specificity of ribonuclease, this is further evidence for the 
absence of long sequences of AMP residues in the copolymer. 

Ultraviolet Absorption Spectra—All of the AU copolymers which 
were examined possessed a high degree of hypochromism. The 
degree of hypochromism at 25°, pH 6.6, and an ionic strength of 
0.1, was between 30 and 40% for preparations containing up to 
70% uridylic residues. As the figure for polyadenylic acid itself 
is close to 40%, the degree of hypochromism is thus remarkably 
invariant to composition. 

The absorbancy at 26) my is very sensitive to temperature 
at neutral pH, as Fig. 1 shows. An increase in temperature 
results in a marked rise in absorbancy. The rise is gradual and 
displays no sign of the abrupt transition which has been found 
to be characteristic of the highly helical polynucleotides (2). In 
this respect the copolymers are similar in behavior to polyade- 
nylic acid and native RNA (2) but unlike polyuridylic acid, in 
which hypochromism is small and almost independent of tem- 
perature. 

The thermal variation in absorbancy is completely reversible. 
Although preparations have been obtained which failed to recover 
their original absorbancy upon cooling, this always proved to be 
traceable to degradation, presumably enzymatic, which occurred 
at an enhanced rate at the higher temperatures. In all such 
cases, further exhaustive deproteinization restored the reversi- 
bility of the thermal effect. 

The thermal profile was definitely dependent upon composi- 
tion, as Fig. 1 shows. Preparations with approximately equiva- 
lent contents of adenylic and uridylic residues showed the 
largest changes between 20 and 50°. Inasmuch as the total 
degree of hypochromism showed little variation with composi- 
tion for this range of compositions, this effect probably reflects 
the varying lability of the secondary structure with composition. 

Polyadenylic acid itself, as is well known, undergoes a remark- 
ably sharp structural transition at acid pH values characterized 
by a 25% drop in absorbancy at 257 my and by a shift in the 
position of the absorption maximum to 252 my (7, 8). The 
transition occurs abruptly in the vicinity of pH 6 at an ionic 
strength of 0.1. 

As Fig. 2 demonstrates, a progressive ‘“dilution’’ of the poly- 
adenylic acid chain with uridylic residues results both in a low- 
ering in the magnitude of the acid spectral shift and a displace- 
ment to lower pH values. The transition also loses its abrupt 
character, becoming much more gradual. A uridylic content of 
about 40% or more appears to be sufficient to abolish the spectral 
transition altogether. 

As polyadenylic acid has no group which ionizes at pH values 
higher than pH 7; its spectrum is invariant in the alkaline region. 
The uracil groups of polyuridylic acid, however, have a pK in 
the vicinity of pH 9.5 corresponding to the enolization and subse- 
quent ionization of the C-6 (or C-2) carbonyl. In the case of 
polyuridylic acid itself the ionization of this group is reflected by 
a gradual decrease in absorbancy which is altogether similar to 
the effect observed for the monomer (6). 

As would be expected, the copolymers of low uridylic content 
show only a marginal dependence of absorbancy upon pH in the 
alkaline region. With increasing uridylic content, a definite 
variation appears. However, this is in the opposite direction to 
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Fic. 1. Upper. Variation with temperature of relative ab- 
sorbancy at 260 my for poly AU X (2, = 0.29) in 0.1 m KCI, 0.01 
M NaOAc, pH 6.5. Lower. Ratio of absorbancies at 50 and 25° 
for the AU copolymers as a function of their uridylic content. 
The solvent is 0.1 m KCl, 0.01 m NaOAc, pH 6.5. 


that observed in the case of polyuridylic acid itself and corre- 
sponds to a fairly sharp increase in absorbancy in the vicinity of 
pH 9.5. This effect, which has also been observed by Warner 
(14), is consistent with, and suggests, a definite structural transi- 
tion consequent upon the ionization of the uracil group. As 
Fig. 2 shows, this effect appears to attain its maximal extent in 
the case of copolymers with roughly equivalent adenylic and 
uridylic contents. 

Hydrogen Ion Titration—The structural transition which poly- 
adenylic acid itself undergoes in the vicinity of pH 6 is reflected 
by a pronounced anomaly in its hydrogen ion titration curve, 
which becomes almost vertical in the region of the transition 
and remains so until about 50% of the adenine bases have bound 
protons (8). 

Fig. 3 shows the effects of a progressive increase in uridylic 
content upon the titration curve of poly AU. The results can 
be quickly summarized. A progressive “dilution” of the poly- 
adenylic acid chain with uridylic residues results in a progressive 
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Fie. 2. Upper. Variation in relative absorbancy at 260 my with 
pH for polyadenylic acid and two AU copolymers at 26°. The 
solvent is 0.1 m KCl plus buffer (Tris or acetate) to a molarity of 
0.01. A——A, poyladenylic acid XXII; O——O, poly AUIX 
(tu. = 0.25); and —J——@, poly AU XVI (zx. = 0.69). Lower. 
Variation in relative absorbancy (T = 26°) at acid (O——O) and 
alkaline (<——X) pH values, as a function of the uridylic con- 
tent of the copolymer. The solvent is the same as above. The 
left-hand ordinate is the ratio of 4260, pH 6.5-4260, pH 4.5 to 
A260, pH 6.5. 


displacement of the zone of titration of the adenylic residues to 
lower pH values and in a loss of the hypersharpening character- 
istic of polyadenylic acid itself. Preparations with more than 
about 40% uridylic content behave essentially as normal poly- 
electrolytes. 

This result is entirely consistent with the spectral data cited 
earlier and suggests that the ability of the copolymer to undergo 
the structural transition characteristic of native polyadenylic 
acid itself is lost with sufficient uridylic substitution. 

Optical Rotation—The optical rotatory properties of the AU 
copolymers fit well into the pattern of what is known of the be- 
havior of the limiting cases of polyadenylic acid and poly- 
uridylic acid. The latter has a rotation which is small in magni- 
tude, independent of temperature, and differs only slightly from 
that of the monomer. This has been attributed to the amor- 
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phous and nonhelical character of polyuridylic acid and is part 
of the evidence which has led to this currently prevalent assign- 
ment of structure (2). In contrast, the alkaline form of poly- 
adenylic acid has been reported to have a large positive rotation 
of which the temperature dependence parallels that of its ultra- 
violet absorbancy (15). This in turn is believed to reflect the 
existence of numerous helical regions of limited extent (15). 
Natural RNA, as well as the biosynthetic mixed copolymer, of 
adenylic, uridylic, cytidylic, and guanylic acids, likewise dis- 
plays a high degree of dextrorotation (2). 

The AU copolymers which have been studied fall logically 
into this pattern. The degree of dextrorotation increases with 
increasing uridylic content until a maximum is attained in the 
vicinity of 50% uridylic residues and subsequently declines as 
Fig. 4 shows. The specific rotation ({a],) is also quite sensitive 
to temperature and decreases in magnitude with increasing tem- 
perature. For copolymers with roughly equivalent contents of 
adenylic and uridylic residues, values of [a], of over 200° at room 
temperature have been observed. 

Thus, if the optical rotation criterion is valid, it follows that 
a high helical content may be assigned to the AU copolymers, 
upon the same grounds as have been invoked in the case of poly- 
adenylic acid and natural RNA (2). In view-.of the spatially 
compact nature of the copolymers, it is obvious that this must 
have the nature of relatively short helical regions, which are of 
insufficient extent to endow the molecule as a whole with a high 
degree of rigidity. It also follows that this localized structure 
must be readily disrupted by an increase in temperature. Fur- 
thermore, the helical content must decrease with increasing 
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Fic. 3. Hydrogen ion titration curves for several AU copoly- 
mers of varying uridylic content. The ordinate is the number of 
moles of hydrogen ion bound per mole of adenylic acid in the co- 
polymer. The solvent is0.1m KCl. The temperature is 25°. 
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mole fraction of uridylic residues, for values of the latter greater 
than about 0.5, approaching as a limit the completely amorphous 
structure of polyuridylic acid itself. 

Molecular Properties of AU Copolymers—At neutral pH and 
ionic strength of 0.1, none of the AU copolymers studied showed 
any birefringence of flow. In view of the high molecular weight 
of many of these preparations, this finding tells us at once that 
they cannot, at least at this high ionic strength, have the con- 
figuration of rigid rods or even of highly extended coils. 

It proved difficult to obtain reproducible light scattering data 
for these preparations because of their appreciable tendency 
toward instability in solution, presumably because of trace 
contaminants of nuclease. Thus, the molecular weights tended 
to drift downward in the course of clarification. Nevertheless, 
as the data of Table I show, in all cases for which data were ob- 
tained, the measured length at an ionic strength of 0.1 was very 
much less than that predicted for a rigid helix. The ratio of 
actual length to contour length is always much less than the 
value of 0.3 which, from the work of Treloar (16), roughly defines 
the upper limit of extension of random coils. 

The intrinsic viscosity was very sensitive to ionic strength and 
increased profoundly at low ionic strengths, as Table I shows. 
Thus, the AU copolymers appear to undergo the electrostatic 
inflation at low electrolyte concentration which is characteristic 
of flexible polyelectrolytes. 

On the whole it is probably valid to assign the AU copolymers 
to the category of random coils. This, of course, refers only to 
the over-all shape of the molecular domain and is not inconsist- 
ent with the existence of localized regions of order which are of 
limited extent. 

Interaction of AU Copolymers with Polyuridylic Acid—The 
most convenient method of following the interaction of poly- 
adenylic acid or poly AU with polyuridylic acid is via the charac- 
teristic drop in absorbancy at 259 my observed upon mixing. 
In the case of polyadenylic acid itself, minima in the mixing 
curve may be observed at mole fractions of polyuridylic acid 
equal to either 0.5 or 0.67, depending upon conditions (5, 6, 17). 
The first of these corresponds to formation of the double-stranded 
A + U complex and the second to formation of the triple- 
stranded A + 2U complex species. The latter of these is formed 
at a slower rate and is energetically less favored than the former. 
Thus, at sufficiently short reaction times it is possible to obtain 
mixing curves which are linear and stoichiometric, with a sharp 
minimum at xz, = 0.50. At longer reaction times, and at suf- 
ficiently high ionic strengths, it is likewise possible to obtain 
stoichiometric mixing curves for which the sharp minimum is 
displaced to x, = 0.67 (8, 17). 

Fig. 5 summarizes the spectral results for the interaction of a 
single preparation of polyuridylic acid, of sedimentation constant 
equal to 4.7 X 10-%, with poly AU’s of varying uridylic content. 
The standard conditions were neutral pH, 25°, and an ionic 
strength of 0.1 or 0.5. Under these conditions the interaction 
persisted to surprisingly high extents of substitution of the poly- 
adenylic acid chain. Replacement of about 50% of the adenylic 
residues by uridylic groups was required to block interaction 
completely under these conditions. Except in the case of the 
low molecular weight preparation poly AU XX the minima in 
the 24-hour spectral mixing curves occurred at a mole fraction 
of UMP residues in added polyuridylic acid such that the ratio 
of uracils in polyuridylic acid to adenines in poly AU was in the 
range of from 1.8 to 2.0. In the case of all cited preparations 
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Fie. 4. Upper. Variation in specific rotation ({a],) with 
temperature for poly AU XIV (zx, = 0.45) and poly AU XVI (2, = 
0.69). The solvent is 0.1 m KCI, 0.1m NaOAc, pH 6.5. © Oo, 
AU XIV; @——@, AU XVI. Lower. Variation in [a], at 26° as 
a function of uridylic content for the AU copolymers. The solvent 
is the same as above. 





of AU copolymer (except for AU XX), the mixing curves were 
linear at an ionic strength of 0.5. For AU preparations contain- 
ing less than 30% UMP residues, this linearity persisted at an 
ionic strength of 0.1. For AU preparations containing more 
than 30% UMP, some degree of rounding off of the minimum 
was observed at an ionic strength of 0.1, indicating probably 
that the formation of the A + 2U complex species was incom- 
plete. 

This behavior is in accord with the predictions of the Fresco- 
Alberts model, provided that the triple-stranded A + 2U species 
is formed at high polyuridylic acid-poly AU ratios (10). If it is 
permissible to compare these systems with the polyuridylic acid- 
polyadenylic acid system it appears likely that the A + U species 
is formed at low poly AU-poly uridylic acid ratios and that a 
second polyuridylic acid strand is added at higher poly AU-poly- 
uridylic acid ratios. However, this cannot of course be distin- 
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expected mean for the two components of equimolar mixtures of 
polyuridylic acid with AU copolymers as a function of the uridylic 
content of the latter. The solvent is 0.1 m KCl, 0.01 m NaOAc, 
pH 6.5. Thetotal nucleotide contentis5 X 10-'m. Lower. Spec- 
tral mixing curve for poly AU XII (zx, = 0.37) and polyuridylic 
acid, pH 6.5 and 26°, at an ionic strength of 0.5 (KCl). This co- 
polymer was prepared with the A. vinelandii enzyme. 


guished from the exclusive formation of the A + 2U species by 
mixing curves alone. 

The A + U complex has been shown to undergo a fairly sharp 
thermal denaturation over a narrow temperature range, of which 
the position of the midpoint depends markedly upon ionic 
strength (2). At an ionic strength of 0.1 this transition occurs 
in the neighborhood of 55° for polyadenylic acid and polyuridylic 
acid of molecular weight greater than about 10°. 

With increasing substitution of the polyadenylic acid chain 
with uridylic residues the apparent midpoint of the thermal 
transition is shifted to progressively lower temperatures. The 
sharpness of the transition is also progressively lost. For the 
case of a poly AU with 40% uridylic residues, the “melting”’ of 
the equimolar complex with polyuridylic acid occurs over a fairly 
broad range in the vicinity of room temperature. However, 
the position of the midpoint of the thermal transition is depend- 
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ent upon ionic strength and increases with increasing ionic 
strength. No significant difference in behavior was observed 
between the copolymer prepared by the A. vinelandii enzyme and 
those of similar composition prepared with M. lysodeikticus 
phosphorylase. These points are illustrated by Figs. 5 and 6. 
As Fresco and Alberts (10) have pointed out, the observed 
thermal profile may in this case be complex in character inasmuch 
as a completely dissociated poly AU would tend to reform par- 
tially its original structure. The resultant gain in hypochromism 
would partially cancel the loss in hypochromism resulting from 
the disruption of the complex with polyuridylic acid. Any ef- 
fort to correct for this latter effect must, however, follow the 
assumption that the dissociation of an AU strand is “all or none” 
since if the dissociation were only partial there would clearly be 
serious interference with the reformation of the intramolecular 
AU hydrogen bonding. Because of the uncertain validity o 
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Midpoint of the thermal transition of equimolar mixtures of poly- 
uridylic acid with AU copolymers, as a function of the uridylic 
content of the latter. The solvent is 0.1 m KCl, 0.01 m NaOAe, 
pH 6.5. 
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the “all or none” hypothesis no such correction has been at- 
tempted here. 

The existence of effects of this nature would broaden the 
thermal profile and tend to displace its apparent midpoint to 
higher temperatures. However, they could never produce as 
an artifact an apparent lowering of the midpoint. Hence, the 
drop in T,, shown in Fig. 6 can only reflect an actual decrease 
in stability of the complex with polyuridylic acid with increasing 
uridylic substitution of poly AU. 

Inasmuch as the sedimentation constants and hence, the 
molecular weights of the various poly AU preparations studied 
varied widely, the question arises as to whether some of the 
variation in “melting point’’ of their equimolar complexes with 
polyuridylic acid might not arise from this factor. To check 
this possibility, a series of polyadenylic acid preparations of 
varying molecular weight was prepared by controlled alkaline 
degradation. Fig. 7 shows the variation of T,, with sedimenta- 
tion constant and with (approximate) molecular weight of the 
equimolar complexes formed by these samples with polyuridylic 
acid. For molecular weights greater than about 105, only a 
slight variation of “melting point’’ with molecular weight was 
observed. Since, with one exception, allof the poly AU prepa- 
rations discussed here fall into this category, it appears unlikely 
that this factor is of major importance with regard to the inter- 
action of the copolymers with polyuridylic acid. 

Interaction with Polyadenylic Acid—Copolymers with mole 
fractions of uridylic residues of less than about 0.70 gave little 
spectral indication of interaction with polyadenylic acid. How- 
ever, a copolymer with a uridylic content of 71% gave a 10% 
drop in absorbancy at 259 my upon mixing with polyadenylic 
acid in equimolar proportions under standard conditions (0.01 
m NaOAc, 0.1 m KCl, pH 6.6) at 25°. 

In view of the high degree of hypochromism shown by both 
polyadenylic acid and poly AU, this low change in absorbancy 
may reflect the diminished margin for additional hypochromism 
rather than a reduced extent of reaction (10). Thus, it is difficult 
to make a statement as to the maximal AMP content which per- 
mits interaction with polyadenylic acid to occur. 


DISCUSSION 


The physical properties of the AU copolymers can be described 
as follows. The over-all shape of the molecular domain is, at 
an ionic strength of 0.1, that of a random coil as indicated by 
the absence of birefringence and the low ratio of end-to-end sepa- 
ration to contour length. The copolymers are flexible and dis- 
play the usual polyelectrolyte expansion at low ionic strengths. 

The internal structure depends upon the composition. Co- 
polymers with more than about 40% adenylic content have 
many of the characteristics of partially organized systems, in- 
cluding a high degree of hypochromism and dextrorotation, 
both of which are sensitive to temperature. As judged by these 
criteria, the degree of molecular organization appears to pass 
through a maximum in the neighborhood of 50% uridylic residues 
and to decline rapidly with further uridylic substitution. That 
the regions of ordering are of limited extent is indicated by the 
gradual character of the thermal variation of absorbancy. This 
contrasts with the abrupt transition characteristic of extensive 
ordered arrays, such as the A + U complex. 

The picture of the AU copolymers which emerges from the 
preceding results is that of numerous ordered regions of limited 
size which are folded into an over-all compact shape. On the 
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Fie. 7. Variation in midpoint of the thermal transition for 
equimolar mixtures of polyadenylic acid and polyuridylic acid, as 
a function of the sedimentation coefficient of the former. The 
lower scale is molecular weight, computed from the sedimentation 
coefficient by the expression of Fresco and Doty (7). The solvent 
is 0.1 m KCl, 0.01 m NaOAc. 


whole this description resembles closely that which has been 
presented for natural RNA itself (2). The ordered regions are 
not large enough to endow the molecule as a whole with a high 
degree of rigidity. As very high uridylic contents areapproached, 
the degree of ordering diminishes and the properties of the co- 
polymers merge with those of polyuridylic acid. 

If the arguments which have attributed the dextrorotation of 
other polynucleotides to the existence of helical duplexes are 
correct, then by these same arguments the ordered regions of 
poly AU can be assigned a helical structure. The question of 
whether or not this arises intramolecularly via a hairpinlike 
folding of a single strand or through the interaction of two or 
more strands must be left open for the present. 

The detailed fine structure of the helical regions and the 
nature of the hydrogen bonding which stabilizes them are like- 
wise uncertain. In all probability, both adenine-uracil and ad- 
enine-adenine interactions are of importance. 

The really surprising feature of these results is the ability of 
copolymers with uridylic contents up to 40% to interact with 
polyuridylic acid. One is naturally led to suspect an artifact. 
However, the fact that this behavior is observed with a copolymer 
prepared with the A. vinelandii enzyme tends to relieve doubts 
that the observed interaction might be attributable to the oc- 
currence of extended sequences of adenylic residues, inasmuch as 
AU copolymers from this source have been shown by Heppel 
et al. (3) to contain a random distribution of nucleotides. 

The stoichiometry of the interaction with polyuridylic acid 
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appears to be in accord with the predictions of the Fresco-Alberts 
model. However, any ultimate decision as to the correctness of 
this model must, in the author’s opinion, await more detailed 
studies of the complex species by means of x-ray diffraction, in 
view of the absence of an adequate theory of the hypochromatic 
effect. The Fresco-Alberts model is certainly entirely plausible 
and is not in conflict with any of the data presented thus far. 


SUMMARY 


Copolymers of adenylic and uridylic acids have been prepared 
and have been shown to have a compact, highly coiled shape in 
solution. However, there appears to be also a fractional helical 
content, which probably reflects the presence of numerous helical 
regions of limited extent. 
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In determining the nutritive requirements for the growth of 
the lactobacilli, a definite relationship between vitamin B,. and 
deoxyribose synthesis was established (cf. 1). Downing and 
Schweigert (2) have shown that Lactobacillus leichmannii, strain 
313, growing in the presence of vitamin Bi, synthesizes its de- 
oxyribose de novo, even when large amounts of thymidine are 
present in the medium. In the absence of vitamin By:, the or- 
ganism utilizes the thymidine in the medium as the sole source 
of deoxyribose for the synthesis of cellular deoxyribonucleic acid. 
From a growing number of reports from several laboratories 
(3-8) it is becoming evident that the precursor of the deoxyri- 
bosyl moiety of the DNA isa ribosylcompound. Several of these 
studies have suggested that the reduction takes place at the nu- 
cleotide level. 

In their early report on the use of L. leichmannii as an assay 
organism for vitamin By2, Skeggs et al. (9) indicated that ribonu- 
cleotides stimulated the growth of the organism. The present 
report is an investigation of this phenomenon. It shows that in 
L. leichmannii there is a reduction of ribosyl to deoxyribosy]l, 
and that the reduction is mediated by vitamin Bi. 


EXPERIMENTAL PROCEDURE 


Growth of Bacteria—A culture of L. leichmannii, (ATCC 4797) 
was obtained from Dr. H. R. Skeggs.!. The original cultures 
(1950) required ribonucleotides for maximal growth and would 
not respond to ribonucleosides. Over the years, this strain has 
acquired the ability to respond to ribonucleosides as well as to 
ribonucleotides.? 

Skeggs et al. (9) prepared their own casein hydrolysate and 
removed the vitamin Bi. by means of charcoal adsorption. 
When a commercially available “vitamin-free” casein hydroly- 
sate was used, growth was obtained without the addition of 
vitamin By. It was found that heating the medium at the pH 
obtained on initially mixing the ingredients of the double-strength 
basal medium, pH 4.5 to 5.0, destroyed the growth-promoting 
activity of the casein hydrolysate. A 10-minute heating time 
was found to be optimal. Thus, if the medium were made ac- 
cording to the directions given in Table I, there was no growth 
without the addition of vitamin By». 

Growth experiments were carried out in duplicate in 15 « 125 
mm culture tubes. The various supplements were added to 
2.5 ml of the double-strength basal medium (Table I) and the 


* This work was aided by grants E-88 and E-89 from the Ameri- 
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volume was adjusted to 5.0 ml. The tubes were then autoclaved 
for 15 minutes at 120°. When cool, the tubes were inoculated 
with 1 drop of a 1:1000 dilution of 0.9% sodium chloride solution 
of a 24-hour thymidine-grown culture. The tubes were incu- 
bated at 37° and growth was determined turbidimetrically or 
by titration of the acid formed. Fig. 1 shows assay curves for 
thymidine and vitamin By, with this medium, with guanosine 
present at the level of 200 mug per ml. The maximal amount 
of acid produced in a tube to which no thymidine or vitamin 
Biz was added was equivalent to 0.5 ml of 0.1 N acid. 

Stock cultures of the organism were carried in monthly trans- 
fers in skim milk (Difco) supplemented with 1% tryptose (Difco). 

Isotope Incorporation Experiments—The cells were grown in 
the presence of uniformly labeled guanosine-C“ (1.6 x 105 
c.p.m. per uM) for 65 hours. They were centrifuged, washed 
three times with water, suspended in a small volume of water, 
and added to 9 volumes of acetone with rapid stirring. The 
residue was centrifuged, washed once with acetone, and then 
dried in a vacuum. In some experiments, the acetone powders 
were oxidized directly to CO. by the Van Slyke-Folch method, 
according to Sakami (11). In other experiments, the deoxy- 
ribonucleosides were isolated from the acetone powders accord- 
ing to the method of Downing and Schweigert (12). As a source 
of phosphodiesterase and monoesterase, crude rattlesnake venom, 
Crotalus adamanteus, was used. The solvent system used to 
purify the deoxyribonucleosides was butanol saturated with 
0.15 n NH,OH. The purine deoxyribonucleosides were hy- 
drolyzed by heating for 4 hour in 0.1 N HCl. The pyrimidine 
deoxyribonucleosides were hydrolyzed in a sealed tube under 
CO, in 6 N HCl for 5 hours at 100° (13). The bases were chro- 
matographed in isopropanol-HCl according to Wyatt (14). 

Specific Activity Determinations—Radioactive CO, was con- 
verted to BaCO;, which was then deposited on filter paper and 
counted in appropriate holders (cf. 10). The deoxyribonu- 
cleosides were eluted from paper chromatograms with water for 
1 hour at 37°. Purines and pyrimidines were eluted with 0.1 
Nn HCl at 37° for 1 hour. The concentration of each compound 
was determined by its specific absorption of ultraviolet light in 
a Beckman DU spectrophotometer. Aliquots were evaporated 
in nickel-plated planchets, and the amount of radioactivity was 
determined in a windowless gas flow counter, Tracerlab model 
SC-50. Less than 1 mg of total solids was deposited on each 
planchet; thus no corrections were made for self-absorption. 


RESULTS 


Effect of Guanosine on Growth Rate—Skeggs et al. (9) found 
that RNA increased the amount of growth of L. leichmannii for 
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TaBLeE I 
Composition of double-strength medium* 








Ingredients Quantity 

| 

| me 
| EERE Se eer aD 4000 
Sodium acetate (anhydrous)............... | 1200 
so ni ig can petd's dnede ke bn | 20 
geo cons. det acd iinie Wav wire e 6S sees 20 
Wise ie Se FP 100 
Thiomalic acid (recrystallized)...........| 100 
ES) ee ee ee | 1 
EI Sooo Ses Falak hase Au nataaiabrvis oi | 1 
Ee ee ea eee a 1 
TE ee ee ee yee ee ee | 1 
SR III 0 ick cistreh win nend ess 20 
hogs acid o,0 we pisle Fins cin.d ool.» 9 0.4 
ne li Si Me a 0.4 
oa. arocs alna dex.n es Abra wie 4a pews 0.2 
i te anc. «a <0.g 4-6 > bik wie sos 00 | 0.2 
Calcium pantothenate................... .| 0.2 
Se Ea eee | 0.2 
oie. 27. ao. TAL aR SS | 0.1 
p-Aminobenzoic acid...................... 0.1 
Re ae A eae re ee Peer 0.001 

ml 
Casein hydrolysatet.................. | 10 
NM ora ra are are. Seb cima gts g oe 9:5 | 1 
RE Se oreta et cette nee cere ha tec a 1 
ah RA allie Ry SAE EL a A 0.2 


Distilled water to 100 ml. Place in boiling water bath for 10 
minutes; cool. Adjust pH to 5.8. Store in refrigerator under 
benzene. 





* Modified from Skeggs et al. (9). 

+ Acid-hydrolyzed casein, vitamin-free, obtained from Nutri- 
tional Biochemicals Corporation. 

t See Reference 10. 


a given amount of vitamin By. They found also that guanylic 
and uridylic acids could replace RNA. During the intervening 
years, the strain acquired the ability to respond to guanosine as 
well Fig. 2 shows typical results obtained in growing these 
bacteria in media containing thymidine or vitamin By, with 
and without guanosine. The presence or absence of guanosine 
seemed to have no effect on the rate of growth in thymidine-con- 
taining media, nor did it have any effect on the final turbidity 
achieved. In vitamin B,:-containing media, there was always 
a decrease in the lag period from a standard inoculum when 
guanosine was present. The decrease in the lag period induced 
by guanosine varied from experiment to experiment, amounting 
to 2to12hours. In the experiment shown in Fig. 2, the decrease 
in the lag period was about 4 hours. Guanosine had no signif- 
icant effect on the rate of growth in vitamin B,:-containing 
media when once it had commenced, nor did it affect the final 
yield of cells. The maximal effect in decreasing the lag was 
observed at a level of 25 mug of guanosine per ml. 

Incorporation of Guanosine during Growth—The effect that 
vitamin By: or thymidine had on the incorporation of guanosine 
into the total cellular material during growth was determined. 
The data for two different experiments are given in Table II. It 
can be seen that in each case there was a definite stimulation in 
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Fic. 1. Growth curves of L. leichmannii in media containing 
vitamin B,:and thymidine. Total volume of culture per tube was 
5 ml. Each point on the graph represents the average of 8 repli- 
cates. 
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Fic. 2. Effect of guanosine on growth rate of L. leichmannii. 
Concentrations of supplements: vitamin Bie, 25 wug per ml; thymi- 
dine, 1 wg per ml; guanosine, 200 mug per ml. In this experiment 
the 4 sets of tubes were inoculated at the same time. The lag in 
the appearance of a visible turbidity was 11 hours for all tubes 
except for the vitamin B,2 cultures without guanosine. Turbidity 
first appeared in the latter at 15 hours after inoculation. 


the incorporation of C™ into the bacteria by vitamin B,.—36% 
and 40%, respectively, over that seen with thymidine. 
Conversion of Ribosyl to Deoxyribosyl—In order to determine 
whether there was a conversion of ribosyl to deoxyribosyl during 
growth, large-scale experiments were performed. Two 1-liter 
cultures were set up, containing uniformly labeled guanosine- 
C3 (1.8 X 105 ¢.p.m. per uM) at 50 mug per ml. To one culture 
was added thymidine at 2.0 ug per ml, to the other vitamin 
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By at 25 wug per ml. After addition of the inoculum, the cul- 
tures were incubated for 60 hours. The deoxyribonucleosides 
were isolated in each case and their specific activities determined. 
The number of counts found in the RNA of each batch was es- 
sentially the same; for the thymidine-grown bacteria, it was 
1.26 X 104 ¢.p.m., and for the vitamin B,.-grown bacteria, it was 
1.28 X 10‘c.p.m. The distributions of C™ in the sugar and base 
fragments of each of the deoxyribonucleosides for each batch 
are reported in Table ITI. 

In the vitamin B,. medium, the deoxyribose of each of the 
nucleosides was significantly labeled; the guanine deoxyribonu- 
cleoside had the highest specific activity and the adenine the 
next highest. The cytosine and thymine deoxyribonucleosides 
had essentially similar specific activity. When the bases were 
examined, C'* was found only in the guanine. In cells grown in 
the thymidine medium, counts were found exclusively in the 
guanine. The deoxyribose of each of the four nucleosides con- 
tained no significant amounts of radioactivity. 

Some comment should be made on the relatively poor incorpo- 
ration of C* observed in the deoxyribose of the DNA in vitamin 
B,-containing media. Lactobacilli are known to contain a 
variety of nucleosidases (15) active on ribonucleosides. Such 
enzymes would degrade guanosine-C™ to small fragments and 
are probably responsible for the poor incorporation of C™ into 
the DNA and RNA. The great reduction in the specific activity 
of the deoxyribose compared with the initial specific activity of 
the guanosine-C is not surprising, since the guanosine concen- 
tration was 50 mug per ml and the final yield of RNA and DNA 
per ml of bacterial culture was approximately 50 ug. 


DISCUSSION 


If the data obtained in this report are integrated with the data 
obtained by Downing and Schweigert (2), a clear picture emerges. 
They found that L. leichmannii grown in radioactive thymidine 
incorporated deoxyribose from thymidine into the DNA without 
any reduction in its specific activity. In the presence of vitamin 
Bi, there was a sharp reduction in the specific activity of the 
deoxyribose of the DNA. In this investigation, we are re- 
porting the conversion of the ribose of guanosine to deoxyribose 
in the presence of vitamin By, but not in its absence. Thus it 
can be concluded that one, if not the only, pathway of synthesis 
of deoxyribose is via a ribosyl intermediate, and that vitamin 
By plays a role in this conversion. 

In the present work, no C™ was found in the deoxyribose of 
the DNA of the thymidine-grown bacteria. Downing and 
Schweigert (2) observed no feedback inhibition of deoxyribose 
synthesis when cells were grown in vitamin By and thymidine. 
Similarly, in a recent note, Spell and Dinning (16) found no feed- 
back inhibition in the conversion of ribose-1-C“ to deoxyribose 
of DNA in the presence of vitamin By: in a deoxycytidine-con- 
taining medium. Therefore, the thymidine-grown bacteria lack 
the enzyme system for converting ribosyl to deoxyribosy], either 
because of a lack of the enzyme protein or because of a lack of 
coenzyme or hydrogen carrier. Since the lactobacilli, in the 
usual growth media, seem to synthesize all their cellular constit- 
uents except deoxyribose in the absence of vitamin By», it is per- 
haps not unreasonable to suggest that, in these bacteria, vitamin 
By: plays a direct role in deoxyribose synthesis, either as a coen- 
zyme or as a specific hydrogen carrier for the reduction. 

If ribosyl is the sole precursor of deoxyribosyl in this or- 
ganism, the guanosine effect on growth in vitamin B,.-containing 
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TaBLeE II 
Incorporation of guanosine-C' into L. leichmannii 
cells during growth 
Cells were grown for 60 hours in 20-ml amounts from identical 
inocula in medium containing 50 mug guanosine-C™ per ml. Ace- 
tone powders were made, oxidized to COs, and counted as BaCO;. 











Growth medium Bapeioet Specific activity 
c.p.m./mg CO2 
Thymidine 1 7.6 
2 8.2 
Vitamin Bis 1 10.3 
2 11.5 








TasB_e III 

Isotope incorporation into deoryribonucleosides of L. leichmannii 

The figures given in the table are the average of duplicate de- 
terminations from two independent isolations of the deoxyribo- 
sides from the same acetone powder. The experimental error in 
these determinations was +22.5 c.p.m./ymole. The values we 
obtained for initial guanosine-C™’ used were: guanine, 87,000 
c.p.m./zmole; ribose, 73,000 c.p.m./umole. 





| Specific activities 








Medium Deoxynucleosides | 
Base Deoxyribose 
| c.p.m./pmole c.p.m./pmole 
Vitamin By | Adenine . 409 
Guanine 220 584 
Thymine 7 212 
Cytosine +2 246 
| 
Thymidine | Adenine ° . 
| Guanine 2350 s 
Thymine 2 a 
Cytosine . . 











* The specific activities found varied from —25 to +25 c.p.m./ 
umole and were below the statistical significance of the C™ deter- 
minations. 


media may be explainable. For the bacteria to grow logarithmi- 
cally, RNA, DNA, and protein must be synthesized at parallel 
rates. If the deoxyribose-containing precursors of the DNA can 
be formed only from ribosyl compounds, then there will be no 
bacterial multiplication until a pool of ribosyl compounds is 
formed—enough to satisfy both RNA and DNA synthesis. The 
data obtained on the length of the lag in various media indicate 
that guanosine in vitamin B,2. media may stimulate the formation 
of this pool at low bacterial concentrations, so that DNA syn- 
thesis can start at an earlier time and logarithmic growth ensue. 
If guanosine were acting in this way, then the amount required 
should be quite small in relation to the total amount of DNA 
and RNA synthesized by L. leichmannii. At maturity, the 
bacteria yield about 45 ug of RNA per ml, whereas the minimal 
lag is observed with 25 mug of guanosine per ml. Since lags as 
long as 12 hours were abolished by levels of guanosine as small 
as this, one may suspect that, in L. leichmannii, ribosy] is the 
only precursor of deoxyribosyl. Much more work will have to 
be done before such a conclusion can be unequivocally drawn. 
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It is fortunate indeed that during growth these cells do not 
have an active mechanism for exchanging the guanine of the 
medium with the guanine of the guanosine-C™“. Since the gua- 
nine of the medium is present at more than 100 times the con- 
centration of the labeled guanosine used, any such exchange 
system would have reduced drastically the specific activity of 
the guanine of the guanosine-C™. If such a ribonucleoside were 
reduced to a deoxyribonucleoside and then incorporated into the 
DNA, the guanine of the DNA would contain little C“, whereas 
the deoxyribose would be significantly labeled. Under such 
circumstances one could not have concluded that ribosyl is 
reduced to deoxyribosyl without cleavage of the glycosidic link- 
age. Since the observed specific activity of the guanine of the 
DNA of vitamin By-grown cells was 39% of that found in the 
deoxyribose, the conclusion can be drawn that ribosy] is reduced 
to deoxyribosyl in vitamin Bi:-grown cells, and that the reduc- 
tion takes place at either the nucleoside or nucleotide level. 


SUMMARY 


1. Guanosine has been found to decrease the lag in the growth 
of Lactobacillus leichmannii from small inocula in vitamin By- 
containing media. This effect is not seen in media supplemented 
with thymidine. 

2. The ribosyl of guanosine was converted to the deoxyribosyl 
of deoxyribonucleic acid during growth in the presence of vitamin 
By, but not in the presence of thymidine. 

3. It was concluded that vitamin By plays a specific role, 
perhaps as a coenzyme or specific hydrogen carrier, in the reduc- 
tion of ribosyl to deoxyribosyl in L. leichmannii. 


Vitamin By. and Deoxyribose Synthesis 
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The protein part of tobacco mosaic virus has been found to be 
of a composite nature, being made up of approximately 2,300 
identical, or nearly identical, subunits with a molecular weight of 
17,000 (1). Studies of end groups in the protein part of other 
viruses have indicated that a composite structure may be a com- 
mon feature of many plant viruses (2). The molecular weight of 
the subunit of potato virus X was estimated from free carboxy] 
end-group analysis by hydrazinolysis to be 74,000, assuming (a) 
identical subunits and (6) a quantitative determination of end 
groups (2). A more recent investigation of the electrophoretic 
pattern of the degradation products of this virus would indicate 
that the first of these assumptions may have been justified (3). 
With respect to the second assumption, the low yields, resulting 
in high correction factors in this method of analysis, should be 
noted (4). 

Earlier communications from this laboratory dealt with the 
molecular weight, size, and shape of potato virus X isolated from 
tobacco sap in a nonaggregated state (5-7). The present paper 
is an investigation of some physicochemical properties of the 
protein degradation products obtained under various mild con- 
ditions. Intermediate stages between the intact virus and the 
smallest protein subunit were also sought, and some insight into 
the mode of degradation of this virus was gained. 


EXPERIMENTAL PROCEDURE 


The virus strain used in this work was the same as that used in 
the earlier studies (5-7). The virus was isolated to yield non- 
aggregated preparations as described previously (6). All oper- 
ations were carried out in the cold (0- 5°). Virus concentrations 
were determined by diluting an aliquot of the solution in 0.1 m 
phosphate buffer, pH 5.7, and measuring the absorption at 260 
mu (6). The virus concentrations ranged between 0.3 and 1.0%. 
Protein concentrations were determined either from the number 
of the Rayleigh fringes in the electrophoresis apparatus or by 
measuring the refractiye index increment of an aqueous solution 
with a Brice differential refractometer, manufactured by the 
Phoenix Precision Company (8). The specific refractive index 
increment of the protein was assumed to be the same as that of 
the virus (7). 

Flow birefringence was measured with the apparatus manu- 
factured by Rao Instrument Company, Brooklyn (9), and the 
virus concentrations for these measurements were in the range of 
0.02 to 0.08%. 

Guanidine hydrochloride (Fisher reagent grade) was recrys- 


* Contribution No. 16 from Canada Department of Agriculture, 
Research Station, The University of British Columbia, Vancou- 
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tallized from methanol-ether (10). Pyridine (Eastman Organic 
Chemicals) was used without additional purification. Sodium 
p-chloromercuribenzoate was supplied by the California Foun- 
dation for Biochemical Research. All common chemicals were 
of reagent grade. 

Potato virus X was degraded in 2 m guanidine hydrochloride 
following the procedure described previously (11) with the follow- 
ing modifications. The addition of Versene (ethylenediamine- 
tetraacetate) was found unnecessary and waseliminated; the virus 
solution was dialyzed against a 2 M guanidine hydrochloride so- 
lution in most experiments, instead of mixing it with a more con- 
centrated guanidine hydrochloride solution. This eliminated 
unnecessary dilution. 

Degradation with 30% pyridine and 0.002 m sodium p-chloro- 
mercuribenzoate was accomplished according to Wittmann (12). 
Thirty minutes after the reagent was added, the mixture was 
transferred into a dialysis sack and dialyzed thoroughly against 
0.05 m phosphate buffer, pH 7.5. 

For alkaline degradation the method of Bawden and Klecz- 
kowski was followed (8). 

Sedimentation coefficients were determined in a Spinco model 
E analytical ultracentrifuge at 52,640 r.p.m. with either the stand- 
ard cell or the synthetic boundary cell (13). The sedimentation 
coefficient was converted into 820,v in the usual way. The partial 
specific volume of the virus protein was derived from the partial 
specific volume ef the whole virus (6) by correcting for the RNA 
eontent (14). Molecular weights were measured by the approach 
to sedimentation equilibrium at 12,590 r.p.m. The ultracentri- 
fuge was equipped with a phase plate. Photographs were taken 
not later than 58 minutes after reaching speed to avoid redistribu- 
tion of solvent. 

Electrophoretic mobilities and diffusion coefficients were meas- 
ured with a Spinco model H electrophoresis-diffusion apparatus. 
The Rayleigh integral fringe method was used for the evaluation 
of the diffusion coefficient (15). Preparations that contained 
both protein and RNA virus components were first subjected to 
electrophoresis for 10 hours at 3.1 volt per cm to remove the RNA 
from the cathode compartment. The boundary of the remaining 
protein was then sharpened and the compartment closed for free 
diffusion. All plates were measured with a two-dimensional com- 
parator manufactured by Gaertner Scientific Company, Chicago. 
The calculations were carried out as described by Schachman 
(16). All preparations were ultracentrifuged before diffusion 
runs for 90 minutes at 75,000 x g. 

Phosphorus analyses were made following the procedure of 
Michelsen (17). Determinations of free a-amino end groups 
with Sanger’s reagent were made by Procedure 1 of Fraenkel- 
Conrat et al. (18). 
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Protein yields were determined on several preparations made 
by treatment with guanidine hydrochloride and pyridine, and 
found to be 90 to 100% of the theoretical yield. 


RESULTS 


Preliminary experiments with 2 m guanidine hydrochloride 
showed that the flow birefringence of a potato virus X solution 
disappeared during the 10 minutes or less required for mixing 
and transfer into the cell of the apparatus, indicating that the 
cleavage of the virus was practically instantaneous. Usually, 20 
minutes after mixing, a visible precipitate of RNA formed. 
After removal of the RNA by centrifugation, the supernatant was 
examined in the ultracentrifuge. Fig. 1 shows a typical sedi- 
mentation pattern. The single peak suggested that the pro- 
tein subunits were equal, or nearly equal, with respect to size. 
When the solution was dialyzed thoroughly against 0.05 m phos- 
phate buffer, pH 7.5, the ultracentrifuge pattern indicated some 





Fia. 1. Sedimentation pattern of a 1% solution of potato virus 
X protein in 2 m guanidine hydrochloride 50 minutes after reach- 





ing 52,640 r.p.m. Sedimentation from left to right. Bar angle, 
65°. Synthetic boundary cell. 
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Fig. 2. Concentration dependence of the sedimentation co- 
efficient of potato virus X protein in 2 M guanidine hydrochloride. 
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Fic. 3. Ultraviolet absorption spectrum of potato virus X 
—--~-- and of its protein —— in 0.05 m phosphate buffer at pH 
7.5. 


polydispersity due to aggregation. The sedimentation co- 
efficient of the skewed peak varied from preparation to prepara- 
tion between 3.0 and 3.98. In 2M guanidine hydrochloride, the 
sedimentation coefficient was somewhat dependent on concen- 
tration. Fig. 2 represents a plot of 1/s 2,» asa function of con- 
centration. The extrapolated value at zero concentration cor- 
responded to 2.85 8. 

The diffusion coefficient of a 0.4% solution in 2 M guanidine 
hydrochloride was determined, and the value of Doo» was 4.88 X 
10-7 em?/sec. The sedimentation coefficient at this concentra- 
tion from Fig. 2 corresponded to 2.68. Since s/D is usually not 
appreciably concentration-dependent (16), this value was used 
in the calculation of the molecular weight. The molecular weight 
obtained was 50,000. 

Although it is known that guanidine hydrochloride dena- 
turation does not break primary peptide bonds, this prepara- 
tion was tested for a possible increase in free a-amino end groups 
with Sanger’s reagent. No free end groups were detectable in the 
preparation; this finding agreed with similar results on the unde- 
graded virus (2). 

Electrophoretic analysis of the protein (aggregated) in 0.05 M 
phosphate buffer, pH 7.5, showed one major peak with a small 
amount of material trailing behind. No correlation was found 
between the amount of aggregated material in the preparation 
and the amount of trailing material, which may be due to pro- 
tein-buffer interactions. The electrophoretic mobility was 
found to be —1.5 X 10-5 cm?/sece volt. 

The ultraviolet absorption spectrum of the degraded virus 
protein in 0.05 m phosphate buffer, pH 7.5, is compared to the 
spectrum of the whole virus in Fig. 3. The extinction coefficient 
at 280 mu fora 1% solution was found to be 12.3/em. This value 
is, within experimental error, identical with the extinction ¢o- 
efficient of tobacco mosaic virus protein (19). Phosphorus anal- 
yses on several samples in water gave as an upper limit 0.01%, 
indicating that the material was virtually free of RNA. 

Degradation of potato virus X was followed by a stepwise il- 
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Fic. 4. Sedimentation pattern of incompletely degraded potato virux X. Sedimentation from left to right at 35,600 r.p.m. A 


(left). 0.63 m guanidine hydrochloride. 
dine hydrochloride. Bar angle, 45°. 


Bar angle, 50°. 


crease in guanidine hydrochloride concentration. Flow bire- 
fringence measurements indicated that the breakdown of the 
virus was initiated at 0.6 M guanidine hydrochloride and was com- 
plete at 0.8 mM. Figs. 4A and 4B show sedimentation patterns of a 
virus solution in 0.63 m and 0.7 m guanidine hydrochloride, re- 
spectively. In Fig. 4A, a large fraction of the material is prima- 
rily in the form of the subunit (not separated near the meniscus), 
with some indication of larger configurations trailing behind the 
virus peak. In Fig. 4B, most of the material is in the form of the 
subunit with some material as unchanged virus, a somewhat 
smaller amount of material trailing behind, and an indication of a 
possible third peak betweenthem. The sedimentation coefficient 
of the second peak was 68 S as compared to 98 S for the virus under 
these conditions. There were no detectable fractions between 2.8 
S and 68 8S. 

Potato virus X treated with pyridine and then thoroughly dia- 
lyzed against 0.05 m phosphate buffer, pH 7.5, displayed the sedi- 
mentation pattern shown in Fig. 5. Within experimental error 
the sedimentation coefficient was concentration-independent be- 
tween 0.3 and 1.0% and was estimated to be 2.7 8. A second 
preparation gave the value of 2.88. The diffusion coefficient was 
also found to be concentration-independent and the value of 4.92 
+ 0.05 x 10-7 cm?/sec was obtained for Dbo,~. With the sedi- 
mentation coefficient at 2.75 + 0.1 S, the molecular weight of 
52,000 + 2,000 was calculated. 

The weight average molecular weight of a 0.5% solution of this 
preparation was evaluated by means of the approach to sedi- 
mentation equilibrium method. Photographs were taken at 
10, 26, 42, and 58 minutes after reaching speed. The molecular 
weights evaluated at the meniscus ranged between 52,000 and 
54,000 with an average value of 53,500. At the base, an average 
value of 56,000 was obtained from data ranging between 54,500 
and 57,000. These data would indicate that a small amount of 
aggregated material was present in the preparation. 

Alkaline degradation of the virus, under the conditions given 
by Bawden and Kleezkowski (3), resulted in a heterogeneous 


Approximately 20 minutes after reaching speed. B (right). 0.7 m guani- 
Approximately 15 minutes after reaching speed. 


1 | 
Taal 


Fic. 5. Sedimentation pattern of a 1% potato virus X solution 
degraded by 30% pyridine, in 0.05 m phosphate buffer, pH 7.5. 
Photograph taken 30 minutes after reaching 52,640 r.p.m. Sedi- 
mentation from left to right. Bar angle, 60°. Synthetic bound- 
ary cell. 





preparation in the ultracentrifuge as revealed by the skewness of 
the peak and rapid broadening during the run. Electrophoreti- 
cally, however, the material appeared homogeneous. 
Degradation with acetic acid was followed by means of flow 
birefringence. Dialysis against 0.1 m acetic acid for 12 hours did 
not destroy the birefringent properties of the virus solution. 
Gradual addition of glacial acetic acid showed that the break- 
down of the virus occurred at 25 to 30% acetic acid. After we 
centrifuged and discarded the precipitated RNA, and dialyzed 
the supernatant against phosphate buffer, the material was ex- 
amined in the ultracentrifuge. The single peak displayed fea- 
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tures of heterogeneity. A sedimentation coefficient of approxi- 
mately 6 S was obtained. When higher virus concentrations 
were used (0.8%), most of the virus protein could be sedimented 
out in the preparative ultracentrifuge after 60 minutes at 40,000 
r.p.m. In spite of the large size of these aggregates, the solution 
did not display flow birefringence, indicating that rodshaped 
particles were not formed. Use of 67% acetic acid (19) resulted 
in more aggregated material than with 30% acid. 

Attempts were made to recombine the protein subunits into a 
viruslike configuration by stepwise increasing of ammonium sul- 
fate concentrations and testing for the appearance of flow bire- 
fringence. The protein material used was prepared by all the 
methods described here, either in the presence or absence of RNA. 
Only nonspecific aggregates were obtained. 


DISCUSSION 


The marked tendency of the protein subunits to interact makes 
it difficult to make homogeneous preparations suitable for phys- 
icochemical studies. The ultracentrifuge pattern was often de- 
ceptive, since in most cases a single peak only was visible. Het- 
erogeneity was detectable only because of the rapid broadening 
and partial skewness, by the irreproducibility of sedimentation 
coefficients, or by a combination of the two effects. The only 
preparations that were found to be homogeneous and repro- 
ducible were obtained by pyridine and guanidine hydrochloride 
degradation. In the latter case, measurements had to be made 
at high guanidine hydrochloride concentrations. Measurements 
in such systems may be seriously influenced by preferential in- 
teractions of the protein with one of the solvent components. 
Furthermore, because of the relatively high density of the sol- 
vent (1.08), the corrections for calculating so, were rather large. 
An additional possibility of error lies in the assumption that the 
partial specific volume in 2 mM guanidine hydrochloride was the 
same as in dilute buffer solutions. In determining the diffusion 
coefficient, it was necessary to use the 2-ml cell because of the 
high refractive index of the guanidine hydrochloride solvent, 
which in turn required a higher protein concentration than neces- 
sary in the standard 11-ml cell. In spite of these difficulties, the 
agreement was reasonably good between the values obtained in 
guanidine hydrochloride and those in 0.05 m phosphate buffer of 
the pyridine-degraded sample. Thisagreement and the data from 
the approach to sedimentation equilibrium gives a consistent 
picture of the size of the protein subunit and its homogeneity with 
respect to size. With the molecular weight of potato virus X at 
35 X 10° (7) and that of the protein subunits at 52,000, the num- 
ber of protein subunits would be approximately 650 per virus 
particle. 

Niu et al. (2) reported the amount of free carboxyl end groups 
as being between 0.122 umole and 0.148 umole per 10 mg of vi- 
rus. With correction for 5% RNA, this would correspond to a 
molecular weight between 78,000 and 64,000 per carboxyl end 
group. The discrepancy between these data and the value re- 
ported above suggested at first the possibility of the presence of a 
larger subunit that escaped detection in our preparations. When 
the protein recovery in both guanidine hydrochloride and pyri- 
dine preparations was checked, it was found that at least 90% 
of the virus protein was recovered in the form of the smaller sub- 
unit. Even assuming a molecular weight of 35 x 10° for the 
remaining 10% (by weight), the number average molecular 
weight of the mixture would be only 58,000. Due to the low 
yields of the terminal amino acids during hydrazinolysis, large 
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correction factors are required for quantitative determinations of 
the end groups by this method (4). It is possible that the error 
due to these correction factors is responsible for the discrep- 
ancy. 

The electrophoretic mobility of the protein subunit was in 
agreement with the value of Bawden and Kleczkowski (3). Pos- 
sible explanations of the increase in electronegativity as compared 
to the intact virus have been discussed by these authors, 

An examination of the ultracentrifuge pattern of partially de- 
graded potato virus X showed a relatively high concentration of 
the protein subunit with only small amounts of intermediate par- 
ticles in the earlier stages of degradation (Fig. 4A). This would 
suggest that the degradation proceeded by a direct release of the 
protein subunit from the virus particle, resulting in intermediate 
configurations of decreased stability. The cleavage of subunits 
may have occurred either in a random fashion or preferentially 
starting at the ends. Recently Harrington and Schachman (20) 
studied the alkaline degradation of tobacco mosaic virus and 
concluded that the numerous intermediate sizes obtained were 
aggregates and not true intermediates of degradation. The 
only exception was the 133-S component, which corresponded 
to a stable intermediate about one-third the size of the virus 
particle. In contrast to previous investigators, the authors 
substituted the proposed picture of gradual breakage with one 
of subunit cleavage commencing at the ends. As mentioned 
above, this mechanism would be consistent with the ultracentri- 
fuge pattern of potato virus X degradation in guanidine hydro- 
chloride. In this case, however, artifact aggregates do not ob- 
scure the picture, and the intermediates appear to be more 
heterogeneous than those of tobacco mosaic virus. Accepting 
the possibility of cleavage at the ends, the size of the 68-S com- 
ponent can be evaluated (21). The length of this particle would 
be about one-fourth that of the whole virus and its molecular 
weight approximately 8.5 xX 10° No smaller particles are 
stable enough to be detectable. In the case of random degrada- 
tion one would anticipate a higher molecular weight. A rough 
estimation can be made in the following way. Assuming as a 
first approximation that the particle length and partial specific 
volume was not greatly changed, an average diameter of 81.6 A 
could be calculated (21). This would correspond to a molecular 
weight of 23 x 10° for a cylindrical particle or a loss of approxi- 
mately 200 protein subunits before the particle became unstable 
and disintegrated. Since all the RNA of the virus particle 
would be contained in this smaller particle, its RNA content 
would have increased from 5% in the intact virus to approxi- 
mately 7.5%. This in turn would have caused a decrease in the 
partial specific volume. With the method of calculation de- 
scribed by Hersh and Schachman (14), the partial specific vol- 
ume was estimated. It was found that the error in molecular 
weight arising from the assumption of constant partial specific 
volume amounted to only 2.5%. Fractionation of the 68-8 
component has not as yet been accomplished and therefore no 
decision can be made at present as to which mechanism of deg- 
radation was more likely. It should be noted, however, that 
random degradation would involve progressive interference with 
the cooperative protein-protein and protein-RNA bonding in- 
side the remaining particle and could account for the decreasing 
stability of the smaller intermediates. 

In spite of the marked tendency of the potato virus X protein 
to aggregate, recombination into viruslike particles in the pres- 
ence or absence of nucleic acid was not achieved. Similar re- 
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sults were reported from another laboratory (3). It is possible 
that a specific configuration of the RNA, destroyed during deg- 
radation, is responsible for the specific combination of the pro- 
tein subunits in the virus particle. This would be in marked 
contrast to the situation of tobacco mosaic virus. It would be 
of some interest to see whether the RNA of potato virus X con- 
sists of a single RNA molecule or whether several RNA mole- 
cules with a specific tertiary structure are required for the for- 
mation of the virus particle. Pertinent to these considerations 
is the conclusion of Bawden and Kleczkowski from photoreacti- 
vation experiments that the nature of the protein-RNA bond in 
tobacco mosaic virus is different from that in potato virus X 
(22). 


SUMMARY 


Degradation products of potato virus X obtained by five 
different methods of degradation were investigated. Prepara- 
tions were made under each of the following conditions: (a) 2 m 
guanidine hydrochloride; (b) 30% pyridine and 0.002 m p-chloro- 
mercuribenzoate; (c) 30% acetic acid; (d) 67% acetic acid; and 
(e) dilute alkali. After removal of the nucleic acid, homogene- 
ous preparations were obtained in 2 m guanidine hydrochloride 
which aggregated when dialyzed against phosphate buffer. The 
pyridine-degraded material remained homogeneous in this buf- 
fer. All the other preparations were heterogeneous with respect 
to size. 

The molecular weight of the protein subunit was determined 
in 2 m guanidine hydrochloride and for the pyridine preparation 
in 0.05 m phosphate buffer by means of sedimentation-diffusion 
measurements. The value of 52,000 + 2,000 was obtained. 
The weight average molecular weight of the pyridine prepara- 
tion, determined by the approach to sedimentation equilibrium 
method, was 53,500 and 56,000 at the meniscus and base, respec- 
tively. The molecular weight of 52,000 suggested 650 subunits 
per virus particle. 

The ultraviolet absorption spectrum was determined, and the 
extinction coefficient of 12.3/cm for a 1% solution was obtained 
at 280 mu. 

The electrophoretic mobility in 0.05 m phosphate buffer at pH 
7.5 was —1.5 X 10-5 cm?/volt sec. 

Attempts to reform rodshaped particles in the presence or 
absence of nucleic acid by means of increasing ammonium sul- 
ate concentrations were unsuccessful with all preparations. 
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Products of partial degradation with insufficient guanidine 
hydrochloride were examined in the ultracentrifuge. The pat- 
tern suggested that the degradation occurs through a release of 
protein subunits from the virus particle. This release could be 
either at random or preferentially at the ends. The smallest 
intermediate product had a sedimentation coefficient of 68 S, 
corresponding to one-fourth of the virus particle length or a 
molecular weight of 8.5 < 10°, if the degradation was exclusively 
from the ends. In the case of random degradation, the molecu- 
lar weight of the 68-S component was estimated as 23 x 105, 
allowing for the loss of about 200 subunits before the particle 
disintegrated. 


REFERENCES 


1. FRANKLIN, R. E., anp Hotmgs, K. C., Biochim. et Biophys. 
Acta, 21, 405 (1956). 
2. Niu, C. L., SHors, V., anp Kniaut, C. A., Virology, 6, 226 
(1958). 
. Bawpen, F. C., anp Kieczxowsk1, A., Virology, 7, 375 (1959). 
. Niu, C. L., anp FRAENKEL-Conrat, H., J. Am. Chem. Soc., 
TT, 5882 (1955). 

ReIcHMANN, M. E., Canad. J. Chem., 36, 1603 (1958). 

REICHMANN, M. E., Canad. J. Chem., 87, 4 (1959). 

ReEIcHMANN, M. E., Canad. J. Chem., 87, 384 (1959). 

. Brice, B. A., AND Hatwer, M., J. Opt. Soc. Am., 41, 1033 

(1951). 
. Epsauu, J. T., Ricn, A., AnD GoLpstsrn, M., Rev. Sct. Insir., 
23, 695 (1952). 

10. GREENSTEIN, J. P., AND JENRETTE, W. V., J. Biol. Chem., 
142, 176 (1942). 

11. Retcumann, M. E., anv Srace-Smira, R., Virology, 9, 710 
(1959). 

12. Wittmann, H. G., Experientia, 16, 174 (1959). 

13. PickE.s, E. G., Harrineton, W. F., anp ScHacuMan, H. K., 
Proc. Natl. Acad. Sct., U. 8., 88, 943 (1952). 

14. Hersu, R. T., anp ScHacuman, H. K., Virology, 6, 234 (1958). 

15. Lonasworth, L. G., J. Am. Chem. Soc., 74, 4155 (1952). 

16. ScHacuMaNn, H. K., in 8. P. CoLtowick anp N. O. Kapian 
(Editors), Methods in enzymology, Vol. IV, Academic Press, 
Inc., New York, 1957, p. 32. 

17. MicHELSEN, O. B., Anal. Chem., 29, 60 (1957). 

18. FRAENKEL-Conrat, H., Harris, J. I., anp Levy, A. L., in 
D. Guicx (Editor), Methods of biochemical analysis, Vol. 2, 
Interscience Publishers, Inc., New York, 1955, p. 370. 

19. FRAENKEL-Conrat, H., Virology, 4, 1 (1957). 

20. Harrineton, W. F., anp ScHacuman, H. K., Arch. Biochem. 
Biophys., 65, 278 (1956). 

21. Peacocks, A. R., anp ScHacuman, H. K., Biochim. et Bio- 
phys. Acta, 15, 198 (1954). 

22. BawpENn, F. C., anp Kusczkowskx1, A., Nature (London), 
183, 503 (1959). 


Date . A 


© 








Tus Journat or Bio.toagicat CHEMISTRY 
Vol. 235, No. 10, October 1960 
Printed in U.S.A. 


Inhibition of Deoxyribonucleic Acid Synthesis in 
Chick Embryos by Deoxyadenosine* 


Guapys F, Mateyf anp FRANK MALEY 


From the Division of Laboratories and Research, New York State Department of Health, Albany, New York 


(Received for publication, April 13, 1960) 


In a study of the precursors of chick embryo deoxyribonucleic 
acid, it was found that deoxyadenosine exerted a marked in- 
hibitory effect on the incorporation of cytidine-2-C" and uridine- 
2-C into DNA cytosine and thymine. The effect appears to be 
specific for DNA synthesis, since, at best, only a slight inhibi- 
tion of incorporation into RNA could be demonstrated. While 
these studies were in progress, Klenow (1) reported a similar 
effect of deoxyadenosine on the incorporation of formate and 
phosphate into the DNA of Ehrlich ascites cells. Further 
studies (2) indicated that the nature of the inhibitory effect 
varied with different tissues, an observation to be confirmed in 
this report. 


EXPERIMENTAL PROCEDURE 


Cytidine-2-C™, uridine-2-C“, dCMP-H?, and tritiated thymi- 
dine were purchased from Schwarz BioResearch, Inc., Mount 
Vernon, New York. TMP-C" was prepared from Escherichia 
coli incubated with Na:C™“O; (8). Other nucleosides were ob- 
tained from the Sigma Chemical Company, St. Louis, Missouri, 
and Mann Research Laboratories, Inc., New York, New York. 
dCMP-H? was purified by chromatography on Dowex 50-H*+ 
(4). 

Conditions of Incubation—Samples of 4-day chick embryos 
were pooled and then separated into 1-g portions. After the 
embryos were minced with fine scissors, they were suspended in 
1 ml of Ringer-phosphate solution. Other additions as indicated 
were made and the mixture was incubated for 2 hours at 37° 
with rapid shaking. At the end of the incubation period, 0.2 
ml of 10 N perchloric acid was added and the suspension ho- 
mogenized. The mixture was centrifuged and the nucleic acids 
were extracted by a method similar to that described by Hecht 
and Potter (5). It was important in these studies to remove all 
detectable RNA from the DNA. Ample evidence has been 
presented (5) that the above procedure accomplishes this pur- 
pose. The DNA was isolated (5) and, after aliquots were taken 
for quantitative analysis (6) and radioactivity determinations, 
it was lyophilized. 

Paper Chromatography of DNA Digests—The lyophilized 
samples of DNA were dissolved in 0.05 ml of 70 to 72% perchloric 
acid and heated at 100° for 30 minutes. The samples were 
diluted with 0.2 ml of water and 0.1 ml was placed as a 2-cm 
band on Whatman No. 3MM paper. After development of the 
chromatogram in isopropanol-HCl (7), the bases were located 


* Supported in part by a grant (H-3747) from the National 
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tion. 


under ultraviolet light and the individual pyrimidines eluted 
with 2 ml of 0.01 n HCl. Suitable aliquots were counted and 
examined spectrophotometrically. The data are reported as 
c.p.m. per umole of pyrimidine base. Radioactivity was deter- 
mined on infinitely thin samples with a thin window gas flow 
counter to +5% standard deviation. 

Tritium labeling was measured in the Packard Tri-Carb liquid 
scintillation spectrometer. For counting, the sample was diluted 
to 1 ml with water and 10 ml of scintillator fluid were added. 
The scintillator fluid contained 50 mg of p-bis (2,5-phenyl- 
oxazolyl) benzene, 13 g of 2,5-diphenyloxazole, and 100 g of 
naphthalene made up to 1 liter in 1,4-dioxane. 


RESULTS AND DISCUSSION 


Incorporation of Cytidine-2-C“ into DNA—In confirmation of 
Reichard’s studies with chick embryo (8), it can be seen in Table 
I that cytidine is an effective precursor of both DNA cytosine 
and thymine.! In order to obtain information regarding the 
precursors of the DNA pyrimidines, various unlabeled nucleo- 
sides were added to create an elevated pool of endogenous pre- 
cursors. A concentration of precursor equal to or greater than 
that of the labeled nucleoside was necessary to observe a dilution 
effect (9). Uridine exerts a greater dilution effect on the con- 
version of cytidine to DNA cytosine than on its conversion to 
DNA thymine (Table I). However, deoxyuridine exerts only 
a small effect on the conversion to DNA cytosine, but a greater 
effect on the conversion to DNA thymine. This information, 
coupled with the fact that deoxycytidine dilutes both DNA 
cytosine and thymine, would indicate that deoxycytidylic acid 
deaminase and possibly deoxycytidine deaminase? may play an 
important role in the production of chick embryo DNA thymine. 
Deoxycytidine has previously been shown to be an effective 
precursor of DNA cytosine and thymine in the rat (10). Thus, 
it can be seen in Fig. 1 that deoxyuridine could dilute the pre- 
cursor of DNA thymine without affecting the precursor of DNA 
cytosine, whereas deoxycytidine could affect the precursor con- 
centrations of both DNA cytosine and thymine. Uridine can 
dilute cytidine-2-C™ as a precursor of DNA thymine primarily 
by the entrance of uridine into the cytidine pool at the poly- 
phosphate level (12). Cytidine is also deaminated to uridine, 


1 Chick embryos 4 days old were preferred to those 5 days old, 
since the incorporation in the latter is almost half that of the 
former. 

2 Cytidine and deoxycytidine are slowly converted to the cor- 
responding uridine derivatives in chick embryo extracts; however, 
this reaction is much slower than the (CMP — dUMP conversion. 
G. F. Maley, unpublished observation. 
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but this reaction appears to be too slow to account for its con- 
version to DNA thymine (13).? 

Thymidine would not be expected to affect the incorporation 
into DNA cytosine and this is borne out by the data. However, 
it markedly dilutes the incorporation into DNA thymine, which 
would be anticipated. 

The effects of adenosine and deoxyadenosine will be discussed 
later. 

Incorporation of Uridine-2-C“ into DNA—In all the studies 
conducted, cytidine was a more effective precursor of the DNA 
pyrimidines than uridine. This result has also been obtained by 
others in different systems (10, 14). The data in Table II re- 
veal cytidine to dilute almost completely the incorporation of 
uridine-2-C™ into DNA cytosine, while affecting the uridine to 
thymidine conversion to a lesser degree. This may be due to 
the greater enhancement by cytidine of the cytidine nucleotide 
pool size than of the dUMP pool size. The effect of uridine on 
cytidine-2-C™ incorporation could similarly be explained (Table 
I), if the (UMP pool is not elevated to a significant degree. The 
dilution effect of deoxycytidine on both DNA cytosine and 
thymine can be ascribed to its role as a precursor of (CMP (Fig. 
1). It was anticipated that deoxyuridine would decrease the 
incorporation of uridine-2-C™ into DNA thymine, but its effect 
on the lowering of the counts in DNA cytosine was unexpected. 
A possible explanation can be drawn from the observation of 
Harbers and Heidelberger (15) that deoxyuridine might be con- 
verted to uridine directly. Another possibility is the transfer of 
uracil from deoxyuridine via nucleoside phosphorylase to form 
uridine. Also to be considered is the possibility that (UMP can 
be converted to dCMP in a manner similar to that described for 
the uridine to cytidine nucleotide conversion (12). This would 
also explain the small dilution of cytidine-2-C" by deoxyuridine 
in Table I. 

Inhibition of Incorporation by Deoxyadenosine—In an attempt 
to determine whether the dilution effects of the pyrimidine 
deoxyribosides were specific, similar experiments to those de- 


TaBLe I 


Effect of nucleosides on cytidine-2-C'* incorporation into 
chick embryo DNA 

Conditions are the same as described in ‘‘Experimental Pro- 
cedures.’’ In all cases, about 2 umoles of cytidine-2-C"4, 1.7 « 105 
¢.p.m. per ymole, were present. The control columns refer to the 
incorporation of cytidine-2-C'% into chick embryo DNA in the 
absence of other nucleosides. The experimental columns refer to 
the data in the presence of the listed nucleosides. 























DNA Cytosine Thymine 

Compound added pan ; : ; 7 

Control pened Control ene Control pn 

; pmoles c.p.m./mg c.p.m./pmole edan.deancle - 
ee eres 3 | 1061 | 442 | 1671 | 557 | 475 | 222 
Deoxyuridine....| 10 | 1095 | 527 | 1200 | 1040 | 400 30 
Deoxycytidine...| 10 | 1095 | 410 | 1200 | 670 | 400 88 
Thymidine....... 10 | 1000 | 695 645 | 615 | 300 26 
Adenosine........| 10 | 1680*| 655* | 1284 | 815 | 616 | 207 
Deoxyadenosine..| 10 | 1680*| 42* | 1284 0 | 616 0 
Deoxyguanosine..| 10 860 | 307 920 | 408 | 346 | 169 
1 860 | 530 920} 616 | 346 | 225 

















* Three-hour incubation. 
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Fig. 1. Probable pathways of cytidine and uridine interconver- 
sions in the chick embryo. 


TaBLeE II 
Effect of nucleosides on uridine-2-C'* incorporation into 
chick embryo DNA 
Conditions are the same as described in ‘Experimental Pro- 


cedures’’ and Table I, except that uridine-2-C™ was employed in 
place of cytidine-2-C", 











DNA Cytosine Thymine 
Compound |ARguRE , : 7 
Control meoert Control one Control =a 
pmoles c.p.m./mg c.p.m./pmole c.p.m./pmole 
Cytidine......... 3 917 | 288 434 64 | 725 | 413 
Cytidineg.......... 2 426* | 112* | 264 34 | 387 126 
Deoxycytidine...| 2 426* | 298* | 264 | 178 | 387 | 233 
Deoxyuridine....| 2 426* | 183* | 264 141 | 387 | 158 


























* Five-day chick embryo. 


scribed above were performed with purine deoxyribosides sub- 
stituting for deoxycytidine and deoxyuridine. As can be seen 
in Table I, deoxyadenosine completely inhibits the incorporation 
of cytidine into DNA cytosine and thymine. Deoxyguanosine, 
however, inhibits to a lesser degree. Adenosine, it will be noted, 
also inhibits, but not nearly as much as deoxyadenosine. 
Whether deoxyguanosine and adenosine affect the incorporation 
by enhancing the endogenous levels of deoxyadenosine is not 
known, but this possibility should be considered. 

It should be noted that the results with deoxyguanosine are in 
contrast to those of Langer and Klenow (2), who obtained a 
stimulation of incorporation of formate and phosphate into the 
DNA of tumor cells with this compound. 

A more detailed description of the inhibition by various con- 
centrations of deoxyadenosine is presented in Figs. 2 and 3. It 
is seen in Figs. 2A and 3A that concentrations of deoxyadenosine 
equal to those of cytidine-2-C™ and uridine-2-C™ almost com- 
pletely inhibit the incorporation of these precursors into DNA. 
At concentrations 10 times lower than the labeled precursor, 
deoxyadenosine inhibits 50% or more. Incorporation into RNA 
is slightly affected in comparison. Figs. 2B and 3B reveal the 
inhibition of incorporation to affect the cytosine and thymine of 
the DNA to about the same extent, and would tend to support 
the thesis that deoxyadenosine is not affecting preferentially the 
incorporation of cytidine or uridine into DNA cytosine or 


* The question marks denote the uncertainty concerning the 
nucleotide level at which the ribose to deoxyribose conversion 
occurs (11). Reversibility signs have been placed only where 
the reactions are known to be reversible. 
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Fia. 2. Effect of deoxyadenosine on the incorporation of cyti- 
dine-2-C™; A, into chick embryo DNA and RNA; B, into chick 
embryo DNA cytosine and thymine. Conditions were the same 
as described in Table I. 
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Fig. 3. Effect of deoxyadenosine on the incorporation of uri- 
dine-2-C™; A, into chick embryo DNA and RNA; B, into chick 
embryo DNA cytosine and thymine. Conditions were the same 
as described in Table II. 


Taste III 
Effect of deoxyadenosine on incorporation of thymidine-H* 
and dCMP-H? into chick embryo DNA 

Conditions are the same as described in the “Experimental 
Procedures.’’ In separate experiments, thymidine-H# was pres- 
ent at a concentration of 0.46 umole, 9 X 10° c.p.m. per umole, 
and dCMP-H!? was present at a concentration of 0.02 umole, 6.56 X 
10* c.p.m. per umole. 











Precursor 
Deoxyadenosine 
Thymidine-H* dCMP-H? 
moles c.p.m./mg DNA 
0 460,000 54,100 
0.097 420,000 36, 400 
0.97 218,000 18,700 
2.9 118,000 10,820 








thymine, but that the over-all process of DNA synthesis is in- 
hibited. 

Incorporation of Thymidine-H* and dCMP-H*—Since the 
studies with uridine-2-C™ and cytidine-2-C" did not provide any 
information regarding the nature of the inhibition, radioactive 
pyrimidine deoxyribosides were employed. It was found, as can 


Inhibition of Deoxyribonucleic Synthesis 


Vol. 235, No. 10 


TaBLe IV 


Effect of deoxyadenosine and deoxycytidine 
on TMP-C* incorporation 
Conditions are the same as described in ‘‘Experimental Pro- 
cedures.” TMP-C* was present at a concentration of 2.4 umoles, 
2.75 X 10* c.p.m. per pmole. 








Compound added Amount added DNA 

pmoles c.p.m./mg 
Le, PE Te a reo ne 831 
Deoxyadenosine................ 1:7 78 
BIOORYVCPUMMMG. 05.56.08. oe ceed. a7 760 








be seen in Table III, that the incorporation of tritiated (CMP 
and thymidine into DNA is also inhibited by deoxyadenosine. 
Although this might suggest the inhibition to occur at some 
point other than the ribose to deoxyribose transformation, there 
is at present no evidence to substantiate this speculation. The 
ratio of deoxyadenosine to thymidine and to dCMP at its great- 
est concentration is 6:1 and 15:1, respectively. Even at this 
concentration of deoxyadenosine, which can effectively block 
the incorporation of an equal amount of uridine or cytidine (Fig. 
2), the inhibition is not complete. This possibly can be ex- 
plained by the presence of more available pyrimidine deoxy- 
riboside in the experiment described in Table III, than is pro- 
vided by the ribonucleosides at the concentrations employed in 
Fig. 3. It can also be seen that deoxyadenosine inhibits dCMP- 
Hi? incorporation to a greater extent than that of thymidine-H’. 
Further experiments will be necessary to determine whether this 
inhibition, especially at the lower levels of deoxyadenosine, is a 
real effect or an apparent one due to the differences in concentra- 
tions of thymidine and (CMP employed in the experiment. 

Speculations on Nature of Inhibition—The inhibition of in- 
corporation of the pyrimidine ribosides and deoxyribosides into 
chick embryo DNA by the purine deoxyribosides, is in effect an 
inhibition of DNA synthesis. The inhibition cannot be ascribed 
to dilution since the purine deoxyribosides are not precursors of 
the pyrimidine deoxyribosides. Klenow (1) came to the same 
conclusion by measuring phosphate incorporation into RNA and 
DNA in the presence of deoxyadenosine. 

The possibility was considered that the apparent dilution 
effect of the pyrimidine deoxyribosides was due in part to the 
exertion of an inhibitory influence on the incorporation. This, 
however, was ruled out by the experiment in Table IV, where 
deoxycytidine and deoxyadenosine are compared for their effects 
on TMP-C* incorporation into DNA. As can be seen, deoxy- 
cytidine exerts only a small effect, due to its probable conversion 
to TMP via dUMP, whereas deoxyadenosine markedly inhibits 
the incorporation. A similar conclusion can be drawn from the 
fact that deoxyuridine, in comparison to deoxyadenosine, does 
not inhibit cytidine incorporation into DNA cytosine (Table I). 

One possible cause for the inhibition might be attributed to 
the inhibition of deoxycytidylic acid deaminase (16) by the 
dAMP formed from deoxyadenosine. This conclusion would 
have to be based on the presumption that most, if not all, of the 
TMP formed results from the (CMP —dUMP pathway. Thus, 
if all four deoxynucleotides are required for DNA synthesis (17), 
a deficiency in TMP resulting from such a block could inhibit 
DNA synthesis. This possibility is currently under investiga- 
tion. However, the results reported herein are sufficiently dif- 
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ferent from those obtained with Ehrlich ascites (1) and Yoshida 
tumor cells (2), to warrant the consideration of other possibilities. 


SUMMARY 


The incorporation of cytidine-2-C“ and uridine-2-C" into 
chick embryo deoxyribonucleic acid in the presence of purine 
and pyrimidine deoxyribosides was determined. Deoxyadeno- 
sine was found to exert a marked inhibition on this incorporation, 
as well as on the incorporation of thymidine-H*® and deoxy- 
cytidylate-H*. A possible cause for this effect is discussed. 
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It is becoming apparent that the initiation of deoxyribonucleic 
acid synthesis is associated with an elevation of the enzymes 
involved in this process. Thus, in regenerating rat liver, such 
enzymes as thymidine kinase (1), DNA polymerase (1), thy- 
midylate kinase (1-3), and carbamyl-aspartate transcarbamylase 
(4) are present in greater amounts than in normal rat liver. In 
addition, these enzymes gradually decrease to their normal levels 
upon the cessation of DNA synthesis, providing further support 
for the thesis that they are intimately associated with the mitotic 
processes of the cell. On this basis, it would be logical to assume 
that any enzyme demonstrating a similar pattern of appearance 
and disappearance is involved in DNA synthesis. 

It has previously been reported that deoxycytidylic acid de- 
aminase is absent in normal rat liver, but detectable in regenerat- 
ing rat liver (5). This enzyme is capable of providing a pre- 
cursor of DNA thymidine, dUMP. Similar results (5) were 
obtained with thymidylate synthetase, an enzyme that converts 
dUMP to TMP (6). This report presents a detailed time study 
on the association of deoxycytidylic acid deaminase and thy- 
midylate synthetase with regenerating rat liver. From these 
studies, it would appear that deoxycytidylic acid deaminase and 
thymidylate synthetase possess a role in DNA synthesis. 


EXPERIMENTAL PROCEDURE 


Albino rats weighing 150 to 200 g were partially hepatectomized 
by the method of Higgins and Anderson (8). At the indicated 
times the animals were killed by decapitation and the livers 
placed in ice-cold isotonic KCl. Homogenates were prepared 
by grinding the liver in a glass tube with a motor-driven Teflon 
pestle in sufficient isotonic KC] to yield a 35% homogenate. The 
mixture was centrifuged at 30,000 x g for 30 minutes and the 
clear supernatant pipetted off the top, after removal of the fatty 
layer with a spatula. This supernatant was assayed for both 
deoxycytidylic acid deaminase and thymidylate synthetase. 

Protein was determined by a modification of the method of 
Lowry et al. (9). Radioactivity was measured with a thin 
window gas flow counter. 


Deoxycytidylic Acid Deaminase 


Spectrophotometric Assay—dCMP, 5 umoles, Tris (pH 8.0), 
100;umoles, NaF, 15 umoles, and liver supernatant, 0.3 ml, in a 
final volume of 0.5 ml were incubated for 60 minutes at 37°. 
The reaction was stopped by addition of 1.5 ml of 5% trichloro- 


* Advanced Research Fellow of the American Heart Associa- 
tion. 
1A preliminary account of these studies has been reported (7). 


acetic acid, centrifuged, and an appropriate aliquot diluted with 
water. The absorption difference at 290 my from zero time 
controls gave a measure of dCMP disappearing. The results 
are calculated as umoles of dCMP disappearing per 10 mg of 
protein per hour. 

Chromatographic Assay—dCMP-2-C™ was prepared from a 
uracil-requiring mutant of Escherichia coli W.-, which was grown 
on uracil-2-C42 The DNA was isolated and degraded with 
deoxyribonuclease and phosphodiesterase by a method similar 
to that of Lehman et al. (10), to yield about 20 wmoles of dCMP- 
2-C™ with a specific activity of 25 x 105c.p.m. per umole. For 
assay purposes, 0.5 umole of dCMP-2-C™ was incubated with 
100 wmoles of Tris (pH 8.0), 15 umoles of NaF, and 0.3 ml of 
liver supernatant in a final volume of 0.5 ml. After incubation 
at 37° for 30 minutes, the reaction was stopped by heating at 
100°. The sample was diluted with 2 ml of water, and passed 
over a column of Dowex 50-H+ (3 X 1 cm), which was washed 
with water until a volume of 10 ml was collected. dCMP and 
deoxycytidine remain on the column, whereas dUMP and deoxy- 
uridine pass through in the water wash. An appropriate aliquot 
(0.5 ml) was plated on concentric ring stainless steel planchets 
and counted for sufficient time to give a standard error of +5%. 
The data are presented as c.p.m. per total liver and c.p.m. per 
mg of protein. 


Thymidylate Synthetase 


dUMP, 1.2 umoles, tetrahydrofolate, 1.8 umoles, MgCh, 5 
umoles, phosphate buffer (pH 7.5), 50 umoles, C'“H:0 (specific 
activity, 2.5 X 105 c.p.m. per umole), 1.8 wmoles, liver super- 
natant, 0.1 ml, and water to a final volume of 0.5 ml were in- 
cubated at 37° for 30 minutes. The reaction was stopped by 
heating at 100° and the sample diluted with an equal volume of 
water. Snake venom (Crotalus adamanteus), 1 mg, was added 
and the mixture incubated at 37° for 30 minutes. To each tube 
were added 40 umoles of NaHSO; and the resultant mixture was 
poured onto a column of Dowex 1-formate (3 X 1 cm) over 
Dowex 50-H+ (3 X 1 em). A volume of 15 ml was collected by 
washing the column with water, and 0.5 ml was plated for count- 
ing. Activity is expressed as ¢c.p.m. per mg of protein per 30 
minutes. 


RESULTS 


It was previously observed (5) that deoxycytidylic acid de- 
aminase is present in regenerating rat liver, but is not detectable 


2 Kindly provided by Drs. J. G. Flaks and 8. 8. Cohen. 
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in normal rat liver. The enzyme appears at about 18 hours after 
partial hepatectomy, as determined by the spectrophotometric 
assay (Table I). This period has been shown by Hecht and 
Potter (11) to be associated with the initiation of DNA synthesis. 
Since the spectrophotometric assay employed to measure the 
enzyme is not sensitive enough to determine accurately the ac- 
tivity of the enzyme before 18 hours, an assay was developed 
with C'-dCMP which is at least 100 times more sensitive than 
the spectrophotometric assay. This assay depends on the fact 
that (CMP and deoxycytidine are retained by Dowex 50-H*, 
whereas the corresponding uridine derivatives are not. Since 
dCDP and dCTP will also pass through the column under the 
conditions of the assay, it was important to determine that these 
nucleotides were not being formed from dCMP, even though a 
phosphorylating system was not employed. The results in Table 
II reveal this to be the case, as the unhydrolyzed reaction mixture 
from a 48-hour regenerating liver sample gave the same results 
as the hydrolyzed sample upon ion exchange chromatography. 
In addition, almost all of the counts were in the (UMP region in 
both cases, and the amount of dUMP found as determined 
spectrophotometrically was comparable to that determined on a 
specific activity basis (about 0.045 umole). 

Normal liver extracts dephosphorylated 50% of the substrate, 
dCMP, in the absence of fluoride. However, in the presence of 


TABLE I 


Variation in deoxycytidylate deaminase activity after 
partial hepatectomy 




















dCMP deaminated 
Hours after 
partial hepatectomy | ai i 
Average | Range 
pmoles/10 mg protein/hr 

0 0 0 -0.01 

12 0 0 -0.01 

18 0.22 0.10-0. 23 

24 0.59 0.40-0.70 

30 0.58 0.50-0.65 

48 0.94 0.88-1.00 

72 0.90 0.85-0.95 

144 0.06 0.03-0.08 

TaBLeE II 


Recovery of radioactivity in deoxyuridylic acid 

Two aliquots from the column eluates of a 48-hour regenerating 
rat liver experiment were taken. One of these was heated in 1 N 
acid at 100° for 20 minutes in order to hydrolyze any nucleotide 
polyphosphates to the monophosphate level. After neutraliza- 
tion, the samples were placed on Dowex 1-formate columns (4 X 
lcm) and washed with water. dCMP was eluted with 1 n formic 
acid and dUMP was eluted with 4 N formic acid. Results of the 
recoveries are listed in Table II. 














Unhydrolyzed Hydrolyzed 
c.p.m. c.p.m. 
1 EE A Ce Ree ESS 11,500 11,500 
MRE IMI 5 oosscaoxisicc axcloaee a 100 180 
GEE” DONO oo ss x hs ain sean 280 400 
dUMP NE fossa Poon aiken 10, 600 10, 100 





*Amount of dUMP found as determined spectrophotomet- 
tically was 0.045 umole with a 280/260 my of 0.37. 
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Fig. 1. Variation of deoxycytidylic acid deaminase with time 
after partial hepatectomy. 
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Fig. 2. Variation of thymidylate synthetase with time after 
partial hepatectomy. 


fluoride this conversion was reduced to less than 5%, and it was 
possible to detect a slight but significant deamination of dCMP 
to d(UMP. This was confirmed by paper chromatography with 
carrier (UMP and suggests the presence of small amounts of 
deoxycytidylic acid deaminase in normal adult rat liver, a result 
that was not obtained with the less sensitive spectrophotometric 
assay (5). In the case of regenerating rat liver extracts, less 
than 10% of the dCMP was dephosphorylated in the absence of 
fluoride, and this was reduced to less than 5% in the presence of 
fluoride. Thus, fluoride is not essential for the detection of 
deaminase activity in regenerating rat liver extracts, but was 
essential for the identification of the product as (UMP. The 
small amounts of deoxyuridine produced can only be attributed 
to phosphatase activity, since no deoxyuridine was detected when 
deoxycytidine-2-C“ was substituted for dCMP-2-C™ in the 
deaminase assay described above. 

With the increased sensitivity of the radioactivity assay, 
deoxycytidylic acid deaminase activity was measurable before 
18 hours (Fig. 1). At 12 hours, the average deaminase specific 
activity was twice that for the average control value. It will 
be noted that the deaminase activity in the two assays attains a 
maximum at 48 hours. The variation among the rats at 24 
hours and after is fairly high, but this difference is of little sig- 
nificance. Of more importance is the time at which the enzyme 
becomes detectable, for this determines whether it may have a 
role in the synthesis of DNA. 

Another method of assaying deoxycytidylic acid deaminase was 
obtained by coupling the deaminase with thymidylate synthetase. 
This enzyme is also undetectable in normal rat liver but is present 
in regenerating liver (5). Fig. 2 reveals that a measurable in- 
crease in deoxycytidylic acid deaminase activity can be detected 
by measuring the conversion of (CMP to TMP viadUMP. This 
is at best a qualitative estimate, since the assay is dependent on 
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the appearance of thymidylate synthetase, which is no doubt 
limiting in the incipient stages of its detection. The assay is 
also complicated by the presence of a high blank, probably due 
to endogenous substrates. This is consistent with the observa- 
tions (12, 13) that regenerating rat liver possesses greater amounts 
of deoxyribosidic compounds than normal liver. However, what- 
ever the complications, the deaminase does become detectable 
at about 18 hours after partial hepatectomy. 

The direct assay for thymidylate synthetase, with dUMP as 
substrate, is less ambiguous, and more consistent results were 
obtained. Little or no activity was detected before 18 hours, 
as shown in Fig. 2. This observation is also in agreement with 
Hecht and Potter’s results (11) on the incorporation of orotic 
acid into the DNA of regenerating liver. 


DISCUSSION 


Previous studies on deoxycytidylic acid deaminase have re- 
vealed this enzyme to be primarily associated with embryonic 
tissue (14, 15), neoplastic tissues (14), and regenerating rat liver 
(5). This is particularly true for the rat, where the enzyme is 
essentially absent except in the above mentioned rapidly grow- 
ing tissues. Even when normally present in tissues such as 
rabbit liver (16), it can be elevated by inducing regeneration 
(17). Since the enzyme is undetectable in normal rat liver, 
more definitive results can be obtained with this tissue than by 
employing a tissue that normally contains fairly large amounts 
of the enzyme. Subsequent to these studies, it has been demon- 
strated that deoxycytidylic acid deaminase is also present in 
phage-infected LZ. coli (18),? which is another example of the en- 
zyme’s association with an elevated state of DNA synthesis. 

The present studies, by demonstrating a concomitant increase 
in deoxycytidylic acid deaminase and thymidylate synthetase 
with an elevated rate of cell division, suggest an intimate role 
for these enzymes in the biosynthesis of rat liver DNA. The 
recent observations of Pitot and Potter (19), on the association 
of deoxycytidylic acid deaminase primarily with bile duct epi- 
thelial cells, might be construed as evidence refuting the role of 
this enzyme in the synthesis of parenchymal cell DNA. How- 
ever, further studies (20) have revealed that tissues such as 
thymus and bone marrow (and by implication, bile duct epi- 
thelium), which possess the deaminase, may be a source of 
deoxyuridylate for those tissues deficient in the deaminase. 
Even if this is not the case, it does not rule out a role for this 
enzyme in the synthesis of DNA in the tissues wherein the en- 
zyme is present. 

It is of interest to note that the deaminase increases in activity 
before 18 hours after partial hepatectomy, whereas thymidylate 
synthetase arises closer to the 18-hour period. In view of the 
finding of Hiatt and Bojarski (3) that thymidylate kinase ap- 
pears to be induced or activated by TMP, such a role might also 
be suggested for the product of deoxycytidylic acid deaminase. 


3 J. G. Flaks, personal communication. 
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Thus, dUMP could induce or activate the formation of thy- 
midylate synthetase, which in turn could effect the formation of 
thymidylate kinase through its product TMP. The observation 
that deoxycytidylic acid deaminase apparently becomes elevated 
before the other enzymes concerned with TMP formation and 
phosphorylation is consistent with a sequential induction of the 
enzymes involved in this process. Further studies will be neces- 
sary in order to clarify these observations. 


SUMMARY 


It has been demonstrated that deoxycytidylic acid deaminase 
and thymidylate synthetase, two enzymes essentially absent in 
normal rat liver, are measurable in regenerating rat liver. 
Deoxycytidylic acid deaminase increases in activity as early as 
12 hours after partial hepatectomy and rises to a maximum at 
about 48 hours. It then declines to the level found in normal 
rat liver. Thymidylate synthetase appears at about 18 hours 
after partial hepatectomy, rises to a maximum at 30 hours, and 
gradually declines. The data suggest a role for these enzymes 
in the biosynthesis of deoxyribonucleic acid. 
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The existence of an alkali-labile bound form of niacin, different 
from other known derivatives of niacin, in cereal grains has al- 
ready been established (1-6). The concentration of this sub- 
stance was found to be the highest in the bran among the dif- 
ferent parts of the grain (7). Krehl et al. (5, 6) concentrated it 
from wheat bran to a certain degree and considered from its 
solubility and dipolar ion behavior that it was a compound of 
niacin with the nicotinyl radical attached to a substituent, bear- 
ing terminal groups, which render the molecule acidic and water- 
soluble. Chaudhuri and Kodicek (8) obtained a concentrate 
from wheat bran, which showed a bluish white fluorescence in 
ultraviolet light changing to greenish yellow on treatment with 
alkali. A higher concentration of the material was obtained in 
this laboratory by Chaudhuri (9) from rice bran by solvent 
fractionation and chromatography on a Decalso column. How- 
ever, a pure crystalline material was not obtained. 

In this paper a method has been described for the crystalli- 
zation of the bound form of niacin, called niacinogen for con- 
venience. The work of separation has been facilitated by the 
observation that on subjecting a niacinogen concentrate to paper 
chromatography, with phenol-water (80:20) as the solvent system, 
two ninhydrin-sensitive spots moved with the solvent. The 
slower moving spot was colorless and gave a violet color with 
ninhydrin, whereas the faster moving one was brownish in color 
and gave a blackish violet coloration with the same reagent. 
Further, the faster moving spot gave an orange coloration on 
exposure to cyanogen bromide vapor followed by spraying with 
the p-aminobenzoic acid reagent (CNBr-PABA) according to 
the method of Kodicek and Reddi (10). This test would indi- 
cate the presence of either niacin or niacinogen or both. Das 
and Ghosh (11) had, however, observed that the colored material 
formed from niacinogen by the CNBr-PABA reaction was in- 
soluble in amyl alcohol, whereas that formed from niacin was 
soluble (12). It was now found that the colored material from 
the faster moving spot was insoluble in amy] alcohol, indicating 
that this spot was given by niacinogen, free from niacin. The 
same spot gave a bluish white fluorescence in ultraviolet light, 
which also indicated the presence of niacinogen (13). Since it 
also gave a ninhydrin reaction, the presence of an amino acid or 
peptide moiety in niacinogen was indicated. It has later been 
shown that niacinogen contains a peptide (16). 

In the present work crystallization of niacinogen has been 
effected from rice bran, wheat bran, and whole corn by solvent 
fractionation and chromatography on a cellulose column, in 


* Present address, Hite Postdoctoral Fellow, University of 
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which the brown zone moving with the phenol-water (80:20) 
solvent front was collected. The niacinogens obtained from all 
the three sources had similar color, crystalline appearance, and 
chemical composition. Preliminary notes on this subject have 
been published elsewhere (14-17). In addition to niacin and a 
peptide, the preserice of a chromophoric moiety or moieties in 
the niacinogen molecule has been demonstrated. 


EXPERIMENTAL PROCEDURE 


Procedure for Isolation 


The raw material (rice bran, wheat bran or whole corn) was 
extracted with 0.1 Nn HCl and fractionated as shown below. The 
activity of the fraction was followed at each step by a differential 
method of colorimetric estimation (11) in which aliquots were 
treated with cyanogen bromide and p-aminobenzoic acid before 
and after addition of alkali, and the colored materials extracted 
with amyl alcohol and the intensity of color in the extracts meas- 
ured. The difference in the intensity of color gave a measure of 
the niacinogen in terms of niacin with the help of a niacin stand- 
ard. 

Step 1—The fresh raw material, 100 g, was heated in a flask 
with 1 liter of 0.1 n HCl on a boiling water bath for 40 minutes, 
with frequent shaking. The contents were cooled and cen- 
trifuged. 

Step 2—The centrifugate was treated with 3 volumes of cold 
acetone and the mixture kept in the cold (5-10°) for 15 minutes 
when a precipitate was formed. This was centrifuged off and 
discarded. 

Step 3—The brown centrifugate was treated with 3 volumes 
of precooled acetone-ether (2:1) mixture and the mixture allowed 
to stand at 5-10° for 14 hours when some material precipitated 
out. This was collected by centrifugation. 

Step 4—This material, which was associated with some gummy 
matter, was treated with 60 ml of 65% alcohol and allowed to 
stand at room temperature (30°) for 30 minutes when it went 
into solution, leaving some material which was centrifuged off 
and discarded. 

Step 5—The clear deep brown centrifugate was treated with 
12 volumes of acetone-ether (2:1) in the cold (5-10°) when some 
material precipitated out. It was redissolved in 40 ml of 65% 
alcohol, centrifuged, and the centrifugate treated with 12 volumes 
of acetone-ether (2:1). The precipitate formed was collected. 

Step 6—The precipitate was dried in a vacuum and then dis- 
solved in the minimal quantity of water. It was fractionated 
on cellulose (Whatman’s cellulose powder for chromatography, 
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TABLE [| 
Purity index of material at different steps of fractionation 








Total Niacinogen 
Nature of different fractions = pb, nage tg 
niacin of total solids 
Mg | mg 

Original extract at Step 1........... 10,650 | 0.47 
Centrifugate at Step 2............... 9,510 | 2.51 
Ethanol extract at Step 4............ 4,168 | 5.78 
Ethanol extract at Step 5........... 1,963 7.01 
Crystals of niacinogen at Step 8..... 778 | 10.80 
standard grade, B quality) column (27 x 1.2cm;15g). Phenol- 


water (80:20) was used as the developing solvent system. A 
distinct brown zone moved with the solvent front and was col- 
lected as one fraction. 

Step 7—The brown fraction was treated with 45 volumes of 
acetone-ether (2:1) in the cold (5-10°). The precipitate formed 
was collected by centrifugation. 

Step 8—The precipitate was washed twice with dry acetone- 
ether, dried in a vacuum, and the light brown powder was dis- 
solved in the minimal quantity of cold water and allowed to 
crystallize in the vacuum desiccator in the cold (5-10°). 

The yields from rice bran, wheat bran, and corn were about 
70 mg, 60 mg, and 15 mg per 100 g of the raw material, respec- 
tively. 

The purity index of the material obtained at different steps of 
fractionation is shown in Table I. 


PROPERTIES AND CHEMICAL NATURE OF NIACINOGEN 


Appearance—The crystalline niacinogens obtained from rice 
bran, wheat bran, and corn are all russet-colored, the corn nia- 
cinogen being paler than the other two. They crystallize in the 
same form as rectangular plates (Fig. 1) and are hygroscopic. 

Conversion into Amorphous Powder on Treatment with Dry Ace- 
tone—The niacinogen crystals change into pale brown amorphous 
powder when treated with a trace of water and sufficient dry 
acetone followed by vacuum drying of the residue after cen- 
trifugation. Apparently a trace of water is necessary to allow 
penetration of the acetone into the material. The amorphous 
powder crystallizes again like the original material when dis- 
solved in the minimal amount of water and allowed to stand in 
the vacuum desiccator. 

Behavior to Heat, Melting Point and Solubility—The niacino- 
gens retain the crystalline appearance even when heated to 110° 
ina vacuum. They have no sharp melting point and decompose 
at about 225°. They are soluble in water, readily soluble in 
dilute hydrochloric acid (0.1 N) but are decomposed by the ac- 
tion of strong hydrochloric acid (2 N) and weak alkali (pH 9). 
They are soluble in aqueous alcohol but insoluble in other usual 
organic solvents. 

Homogeneity—Niacinogen isolated from any of the different 
sources, when analyzed by paper chromatography with multiple 
solvent systems such as phenol-water (80:20), butanol saturated 
with water and butanol-acetic acid-water (4:1:1), behaved as a 
single substance. All the three niacinogens were also chroma- 
tographically very similar. In the first solvent system, they all 
moved almost to the solvent front (Rp, 0.94 to 0.96) and in the 
two other solvent systems they did not move at all from the ori- 
gin. The position of niacinogen on the paper chromatogram was 
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identified by bluish white fluorescence under ultraviolet light, 
blackish violet color on spraying with ninhydrin, and by the 
orange color (which is insoluble in amyl alcohol) that developed 
when treated with cyanogen bromide and p-aminobenzoic acid, 
Repeated crystallizations of the niacinogens gave the same kind 
of crystals with the same appearance and composition and the 
same percentage of niacin. These results would indicate the 
homogeneity of the crystalline material. 

Elementary Analysis of Niacinogen—For elementary analysis 
the crystalline niacinogens were dried over P.O; under vacuum 
for 3 days. The results are given in Table II. 

Identification and Content of Niacin in Niacinogen—Niacino- 





Fig. 1. Microphotographs of the crystalline niacinogens: top, 
crystals of rice bran niacinogen (X 8); center, crystals of wheat 
bran niacinogen (X 8); bottom, crystals of corn niacinogen (X 10). 
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TaBLeE II 
Elementary analysis of niacinogens 
Materials C% H% N% S% 
Niacinogen (rice bran).....} 47.41 6.93 12.51 1.46 
Niacinogen (wheat bran)...| 46.26 7.35 12.95 1.44 
Niacinogen (corn)......... 45.10 7.00 12.27 1.50 











gens prepared from different sources, when subjected to paper 
chromatography involving the use of butanol saturated with 
water as the solvent system, remained in the original position as 
located by the methods described previously. The behavior of 
the chromatograms, with the same solvent system, of niacinogens 
previously hydrolyzed by 0.1 n NaOH, was almost the same ex- 
cept in regard to CNBr-PABA reagent. The reagent when 
sprayed on the paper produced a yellow-colored spot, much away 
from the origin. The color was soluble in amy] alcohol and the 
colored spot corresponded to the yellow-colored spot produced 
by a pure niacin solution containing the same amount of salt 
indicating the presence of niacin in niacinogen. That the CNBr- 
PABA sensitive spot in hydrolysates of niacinogens is due to 
niacin, is also confirmed by irrigating the papers with other 
solvent systems. 

After alkaline hydrolysis of rice bran and wheat bran niacino- 
gens, the liberated niacin was estimated by the method of Das 
and Ghosh (11) and found to form approximately 1% of the 
weight of niacinogen in each case. 

Molecular Weight—Molecular weight determinations of the 
niacinogens were caried out by diffusion experiments assuming 
that the frictional ratio is 1 and the partial specific volume is 
0.74, which would be valid for substances of not very large mo- 
lecular weights. The diffusion coefficients were experimentally 
determined by the porous disc method as described by Schach- 
man (18). 

In the diffusion experiments 1.5% solutions of rice and wheat 
bran niacinogens were prepared in a buffer of composition 0.05 
m KCl-0.010 m HCl at pH 2 and the resulting solutions were al- 
lowed to diffuse at 20° through a G-3 grade porous membrane, 
whose constant was determined by the diffusions of electrolytes 
of known diffusion coefficients at a given concentration and tem- 
perature of 20°, into the same buffer solvents. The amount of 
niacinogen diffusing out was determined by niacin estimations 
in the original solution and in the diffusate after subjecting them 
to alkali hydrolysis. Similar diffusion experiments were car- 
ried out also at pH 8 in a buffer of composition 0.0053 m Na- 
H.PO,-0.0936 m NasHPO,, 7 H:O at 22° to find the effect of 
pH, if any, on the molecular weight. At this pH, since niacin 
would be split off, the amount of material diffusing out was 
determined by estimations of nitrogen (19) and not of niacin in 
the original solution and diffusate. The results are shown in 
Table III. 

The above experimentally determined molecular weights at 
pH 2 agreed reasonably with the theoretical molecular weight 
(12,300) of niacinogen calculated on the basis of the niacin 
content of the crystalline material being 1% and assuming 1 
molecule of niacin to be present in 1 molecule of niacinogen. At 
alkaline pH it appears that the molecular weight is approximately 
halved, indicating the dissociation of the molecule. 

Further confirmation of the molecular weight was obtained 
from ultracentrifugal studies carried out on a sample of rice 
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niacinogen at the University of Wisconsin. A solution of 3.5 
mg per ml of the sample in 0.05 m, pH 8, Tris-acetate buffer was 
prepared and the sedimentation rate was observed at 22° in a 
Spinco analytical ultracentrifuge at 59,780 r.p.m. with a “syn- 
thetic boundary cell” especially designed for studies of small 
proteins. From these experiments a single S-value (1.05) was 
obtained indicating the homogeneity of the material, and a mo- 
lecular weight of about 4000 to 6000 at pH 8, assuming the ma- 
terial is protein-like in density, degree of hydration, and roughly 
spherical in shape. 

Fluorescence—An aqueous or dilute acid solution of niacinogen 
shows a bluish white fluorescence in the ultraviolet light. The 
solution on treatment with alkali turns yellow and the fluores- 
cence changes to yellowish green. On reacidification the yellow 
color vanishes and the solution again shows the bluish white 
fluorescence. This is a typical common property of the niacino- 
gens isolated from all the three sources. 

Absorption Spectra—The ultraviolet absorption spectra of rice 
bran and wheat bran niacinogens dissolved in 0.1 N HCl have 
been shown in Fig. 2. The first one shows an absorption maxi- 
mum at 262 my (e/%,, at 262 mu = 42.8) and the second shows 
two close absorption maxima at 263 my and 268 my (eé%,, at 
263 mu = 21.6; e{%,, at 268 mp = 21.8). Both the absorption 
curves thus show similarity in regard to the region of their ab- 
sorption maxima but there are some differences in regard to 








TaBLeE III 
Diffusion coefficients and molecular weights of niacinogens 
M 

Materials eleetices Aifusion, = 
Niacinogen (rice bran) pH 2; 20° 13.8 12,400 
pH 8; 22° 18.9 5,700 

Niacinogen (wheat bran) pH 2; 20° 13.6 13,000 
pH 8; 22° 18.4 6,200 
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Fic. 2. Absorption spectra of rice bran and wheat bran nia- 
cinogens. 
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peaks and, particularly, intensity of absorption which are ap- 
parently due to certain differences regarding associated groups 
in the two niacinogens. 

Presence of Glucose in Niacinogen Molecule—Hydrolysis of the 
niacinogens with 5% H.SO, for 3 hours liberated glucose, the 
presence of which was detected by paper chromatographic analy- 
sis after its extraction in pyridine under controlled conditions 
(20, 21). The spray reagent used was p-anisidine hydrochloride 
(22). Direct comparison of the chromatogram with that of 
other sugars like sorbose, mannose, fucose, fructose, galactose, 
raffinose, rhamnose, arabinose, ribose, and xylose indicated the 
absence of these from the niacinogen molecule. 

Amino Acid Composition of Niacinogens—Since the niacinogen 
molecule apparently contained a peptide moiety, the quantitative 
amino acid composition of rice and wheat bran niacinogens was 
determined. This was done by the paper chromatographic 
method under controlled conditions and by comparison with a 
simultaneously prepared chromatogram of a mixture of amino 
acids of known amounts. The hydrolysis (23) of niacinogens 
was carried out with 6 N HCl in a sealed evacuated tube and the 
hydrolysate was freed from HCl and taken up in 10% isopropanol. 
The separation of aspartic acid, glutamic acid, serine, glycine, 
threonine, alanine, phenylalanine and lysine in the hydrolysate 
was carried out by two-dimensional chromatography with the use 
of phenol-water (75:25) in the first direction and n-butanol-acetic 
acid-water (4:1:1) in the second direction. At the conclusion of 


TaBLeE IV 


Amino acid composition of rice bran niacinogen (RBN) and 
wheat bran niacinogen (WBN) 






































s No. of | Assumed soos 
€ famine | renee | “Noval, [Permissible] Nos 
ites sacle 8 protein | molecule* | molecule %)t N 

el\e/e/eie(2/2/2\8|2 

a cel ial coll cal coll Meal (Lol Wad coll 

| | 

Aspartic acid. .... 7.4| 7.5| 6.71 6.7| 7| 7 5.7 5.7| 6.2) 6.1 
Glutamic acid....| 9.1/11.0| 7.4) 8.9] 7| 9 | 5.7| 4.4] 6.9] 8.0 
Erase 5.0| 5.8] 5.7, 6.0) 6| 6 6.6) 6.6| 5.3) 5.4 
Glycine... .......| 5.1) 5.0) 8.1) 8.0) 8| 8 5.0) 5.0) 7.6) 7.2 
Threonine. .......| 3.0) 3.2) 3.0) 3.2) 3 | 3 |13.0)13.0| 2.8) 2.8 
Alanine..........| 6.5) 5.0) 8.7| 6.7; 9| 7 44 5.7| 8.1) 6.1 
Tyree. ......... 3.0) 3.5) 2.1 2.3) 2/2 20.0/20.0 1.8) 2.1 
Phenylalanine ....| 2.6) 3.0) 1.8) 2.2) 2 | 2 |20.0:20.0) 1.7| 1.9 
Proline........... 4.0) 5.0 4.1 5.2, 4) 5 |10.0| 8.0| 3.9) 4.7 
Histidine......... 2.8) 4.1] 2.1) 3.2; 2 | 3 |20.0113.0| 6.1) 8.5 
Beene. .......: 8.2) 7.2) 5.6) 4.9) 6] 5 | 6.6) 8.0/21.0/17.0 
Cysteinet........| 5.1] 5.0] 5.1) 4.9] 5| 5 | 8.0| 8.0 4.8) 4.4 
Lysine... ........| 4.0] 4.2} 3.2) 3.4] 3 | 3 |13.3/13.3] 6.1] 6.2 
eee eee 2.8) 2.8) 2.8, 2.8) 3 | 3 |13.3/13.3] 2.7| 2.6 
Methionine. ..... 1.0} 1.2) 0.8, 0.9) 1 1 |40.0.40.0| 0.8) 0.9 
Leucine.......... 4.0] 4.0) 3.7 3.7) 4| 4 |10.0110.0| 3.3) 3.3 
Isoleucine........ 2.2) 2.3) 2.0 2.1) 2 | 2 20.0/20.0 1.7} 1.8 
ON RE | 74 | 75 90.8190.0 











* Number of individual amino acid residues per molecule of 
each of RBN and WBN is calculated on the basis of a molecular 
weight of 12,000. 

+ Permissible error (P.E.) was calculated (32) with the help of 
the equation P.E. = +0.4/R X 100, where R is the number of 
residues of a particular amino acid. 

t Total cystine and cysteine reported as cysteine. 
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the run the papers were dried until no solvent odor was de- 
tected, and then sprayed with ninhydrin reagent and the colored 
spots were estimated according to the elution technique of Giri 
et al. (24). 

Leucine, isoleucine, valine, and phenylalanine were separated 
by unidimensional chromatography, with benzyl alcohol satu- 
rated with water as the solvent system, according to the method 
of Polson (25), and were estimated by the ninhydrin method 
(24). 

Histidine and tyrosine were estimated according to the method 
of Bolling et al. (26). Proline was estimated by a similar method, 
with 0.2% isatin in acetone as the spray reagent (27). Arginine 
was estimated according to the Sakaguchi method modified by 
Bhattacharya et al. (28). 

Sulfur-containing amino acids were separated from each other 
by developing the papers in t-butanol saturated with water. The 
dried papers were then sprayed with the platinic iodide reagent 
(29) followed by exposure to HCl vapor, and from the bleached 
area the amino acids were quantitated by the method of Fisher 
et al. (30). The results obtained with rice bran and wheat bran 
niacinogens are given in Table [V. Corn niacinogen was found 
to contain the same amino acids, but they were not quantitatively 
estimated. Tryptophan was found to be absent from all the 
three niacinogens as tested by the method of Graham et al. (31) 
applied to the intact niacinogens. 

Nature of Chromophoric Group(s) in Niacinogen Molecule— 
In order to isolate the chromophoric moiety from rice bran 
niacinogen, the crystalline material (4 g) was hydrolyzed with 
40 ml of 5% sulfuric acid for 3.5 hours on a boiling water bath. 
The hydrolysate was neutralized with BaCO; and the solution 
was filtered. The filtrate was evaporated to dryness in a vacuum 
and the residue was dissolved in glacial acetic acid and chroma- 
tographed in an alumina (E. Merck) column (22 x 2.2 cm; 90g) 
with glacial acetic acid as the developing solvent when a russet- 
colored eluate was obtained, which gave a blue fluorescence with 
a violet tinge in ultraviolet light changing to yellowish green with 
alkali. The eluate was evaporated to dryness on water bath 
and the residue was subjected to paper chromatography with 
solvent systems such as acetic acid-water (6:4), ethyl acetate 
saturated with water, and butanol saturated with water, but the 
peptide could not be separated from the russet-colored fluorescent 
material, indicating that these are strongly bound with each 
other. 

The aluminum oxide column on further washing with a ben- 
zene-acetic acid (3:1) solvent mixture gave a lemon-yellow solu- 
tion. This solution was evaporated to dryness on a water bath 
and further chromatographed on a cellulose column (27 X 1.2 em; 
15 g) with acetic acid-water (6:4) as the solvent system. The 
fraction of the yellow zone was collected and needle-shaped 
lemon-yellow crystals (Fig. 3) separated from it on keeping for 
2 days at 0-5°. The crystalline material gave on analysis: C, 
52.68%; H, 4.88%; and gave no tests for N and 8. It decom- 
posed at 330°. Theyield was 2 to 3 mg per g of niacinogen. This 
substance is insoluble in ether, ethyl acetate, benzene, chloroform, 
absolute alcohol, and dry acetone. It is soluble in acetic acid 
and in alcohol containing a little water. On treatment with 
alkali the aqueous solution turns deep yellow. Dissolved in 
benzene-acetic acid (3:1), it shows a bright yellowish green 
fluorescence in the ultraviolet light but a few drops of water 
change the fluorescence to blue, which does not change on addi- 
tion of alkali. In this respect it is quite different from niacino- 
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gen, which gives a bluish white fluorescence in water or acetic 
acid solution in ultraviolet light, changing to greenish yellow on 
treatment with alkali. 

An aqueous solution of this substance gives a yellow precipi- 
tate with neutral lead acetate and a transient greenish brown 
color which changes to brown with 0.1% alcoholic ferric chloride. 
These properties suggest that this substance might be of the 
flavonoid type. 


DISCUSSION 


The fact that niacinogen obtained from the same raw materia! 
gives the same kind of crystals with the same appearance, com- 
position, and the same content of niacin after repeated crystalli- 
zations indicates the homogeneity of the material. Ultracen- 
trifugal analysis also indicates its homogeneity. The niacinogen 
molecule consists of niacin, a peptide, and a chromophoric moiety 
or probably moieties. Since niacinogen gives the cyanogen 
bromide reaction like niacin and since niacin is easily split off 
by mild alkali, it would appear that in niacinogen niacin is bound 
through an alkali-labile ester linkage, the nicotiny] radical being 
free. The lemon-yellow crystalline compound which was iso- 
lated from the acid hydrolysate of niacinogen gives certain reac- 
tions like a flavonoid and it is likely that it is present in the nia- 
cinogen molecule as a glucoside, since glucose has been identified 
in the hydrolysate. However, it would appear that this yellow 
compound is not the only chromophoric moiety in the molecule, 
since an acid hydrolysate of niacinogen passing through an 
alumina column gives an eluate which is russet-colored like the 
original niacinogen and which gives at the same time a ninhydrin 
reaction, the separation of this chromophoric moiety from the 
peptide portion being difficult. This russet-colored moiety is 
different from the lemon-yellow substance crystallized from the 
acid hydrolysate of niacinogen. The lemon-yellow compound 
gives a greenish yellow fluorescence in benzene-acetic acid, chang- 
ing to blue on addition of water, whereas the russet-colored com- 
pound gives a blue-violet fluorescence in water changing to 
yellowish green on addition of alkali, which resembles the fluores- 
cence of the original niacinogen molecule. The presence of such 
a chromophoric moiety of a fairly high molecular weight, apart 
from one moiety each of niacin, flavonoid, glucose, and peptide 
in one molecule of niacinogen, is also indicated by the fact that 
when these moieties only are taken into account, the molecular 
weight falls short by about 2500 of the molecular weight of nia- 
cinogen (about 12,000) as determined by diffusion experiments, 
although this shortage may also be partly ascribed to the known 
loss of amino acids occurring in the acid hydrolysis of the peptide 
and in the elution technique used in their estimation. There is a 
possibility that the yellow substance itself polymerizes into this 
deeper colored substance by reaction with sulphydryl groups of 
the peptide; such reactions have been observed by Roberts (33) 
between flavonoid orthoquinones and cysteine. However, this 
problem is under further investigation, since the amount of the 
yellow material was too scanty for detailed study. 

The molecular weight calculated on the basis of the niacinogen 
molecule containing 1% niacin and on the assumption of one 
moiety of niacin being present in one molecule of niacinogen agrees 
reasonably with the molecular weight determined at pH 2. 

It seems significant that the niacinogens from all these sources, 
rice bran, wheat bran, and corn, are similar to each other in 
appearance, crystalline shape, properties, and chemical com- 
position. Of these, niacinogens from rice and wheat brans are 
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Fig. 3. Microphotograph of the crystalline lemon-yellow chro- 
mophoric moiety (X 250). 


even more closely similar to each other. The amino acid pattern 
is the same in all the three niacinogens. The proportions of 
amino acids in rice and wheat bran niacinogens vary particularly 
in regard to glutamic acid, alanine, proline, arginine, and histi- 
dine. Tryptophan is absent from all the three niacinogens. The 
absorption spectra of rice and wheat bran niacinogens show some 
similarity apparently owing to the presence of niacin in them, 
but there are also some differences which may probably be as- 
cribed to differences in detail in the associated groups. 

The similarity of niacinogens obtained from three cereal sources 
might indicate a common biological role of this compound. In 
experiments described elsewhere (17) it has been found that in 
the course of maturing of the rice grain from the milky to the 
hard stage, niacin present in the milky stage is converted almost 
quantitatively into niacinogen. Nutritionally, however, nia- 
cinogen would not be available by the action of gastric juice 
since it does not liberate niacin at pH 2 in the presence of pepsin. 
Niacinogen cannot also replace niacin for the growth of certain 
niacin-dependent microorganisms (17). 


SUMMARY 


1. A method of isolation of the bound form of niacin, called 
‘‘niacinogen,” in a crystalline form from rice bran, wheat bran, 
and corn has been standardized involving fractional precipita- 
tion with organic solvents and cellulose column chromatography. 
All the three niacinogens are similar in appearance, crystalline 
shape, and in molecular composition, niacinogens from rice and 
wheat brans being somewhat more closely similar to each other. 
All of them fall to an amorphous powder on treatment with dry 
acetone. 

2. Niacinogen is fairly stable to acids and is very labile to 
alkali. It is insoluble in usual organic solvents but is soluble in 
aqueous alcohol. Niacinogen solutions in water give a bluish 
white fluorescence in ultraviolet light, changing to yellowish 
green on treatment with alkali. The absorption spectra of rice 
bran and wheat bran niacinogens have been determined. 

3. The niacinogen molecule is composed of niacin, a chromo- 
phoric moiety or moieties and a peptide, the niacin being linked 
through an alkali-labile ester linkage. 

4. A lemon-yellow crystalline material of a flavonoid type has 
been isolated from the acid hydrolysate of niacinogen but it 
would appear that a deeper colored chromophoric moiety is 
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present in the molecule. Glucose is present in the niacinogen 
molecule probably as a glucoside of the flavonoid moiety. 

5. The pattern of the amino acid composition in the three 
niacinogens is the same, tryptophan being absent from all of 
them. However, the quantitative amino acid compositions of 
rice and wheat bran niacinogens are different in certain respects. 

6. Rice and wheat bran niacinogens have similar molecular 
weight (11,500 to 13,000) determined at pH 2. At pH 8, nia- 
cinogens split off niacin and apparently dissociate into two units 
of approximately the same molecular weight. 
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It has long been known that treatment with propylthiouracil 
and other antithyroid drugs inhibits organic binding of iodine 
and leads to a reduction in total iodine in the thyroid (1). The 
work of Franklin et al. (2-4) showed that these agents also pre- 
yent incorporation of radioiodine into organic compounds by 
thyroid slices in vitro. Pitt-Rivers (5), finding that acetyldi- 
iodotyrosine did not form acetylthyroxine when incubated with 
these compounds, suggested that they may act by inhibiting 
coupling of diiodotyrosines to form thyroxine in vivo. However, 
Slingerland (6) was unable to obtain evidence in support of this 
possibility. 

Recent investigations have suggested that although propy!- 
thiouracil blocks the iodination of tyrosyl groups in thyroglob- 
ulin, it inhibits the formation of diiodotyrosine more strongly 
than the formation of monoiodotyrosine. Slingerland et al. (7) 
felt that this block favored the synthesis of triiodothyronine over 
that of thyroxine, whereas Richards and Ingbar (8) found no 
triiodothyronine and a reduced quantity of thyroxine in the 
glands of rats treated with small amounts of propylthiouracil. 

All of the studies on the effect of propylthiouracil on the intra- 
thyroid metabolism of radioiodine have been conducted by ad- 
ministration of radioiodine after treatment with graded doses of 
the drug. In the studies to be described we thought it might 
be informative to “label” the thyroids of animals before drug 
treatment and to follow subsequently the radioactivity in the 
several iodine-containing compounds in the glands after institut- 
ing antithyroid treatment. 


EXPERIMENTAL PROCEDURE 


The animals used were female Sprague-Dawley rats weighing 
150 to 250 g which had been fed a diet! containing 0.25 ug of 
iodine per g for 1 to 5 weeks. In one group each animal was 
treated by intraperitoneal injection with 50 ye of carrier-free 
Nal"!, and uptake by the thyroid was determined 24 hours later. 
Each day for7 days the thyroid glands from four animals in this 
group, which served as a control group, were removed for analysis 
after the total radioactivity had been determined by external 
counting. 


*This study was supported by a research grant (A-612) from 
the National Institute of Arthritis and Metabolic Diseases, Na- 
tional Institutes of Health, and by a grant from the American 
Cyanamid Company. Presented in part at the Fourth Interna- 
tional Goiter Conference, July, 1960, London, England. 

t Trainee, National Institute of Arthritis and Metabolic Dis- 
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Another group of rats was given subcutaneously 10 mg of 
propylthiouracil suspended in 20% gelatin after measuring the 
24-hour radioiodine uptake and then was given 0.05% propyl- 
thiouracil in the diet. Each day thereafter, the thyroids of four 
animals were used for analysis. ‘Two other groups were similarly 
studied. Twenty-four hours after the injection of I", one group 
was injected subcutaneously with 200 mg of potassium per- 
chlorate in 20% gelatin and then given 1.0% potassium per- 
chlorate in the diet, whereas the other group was given, subcu- 
taneously, 20 ug of iodide as potassium iodide and thereafter a 
diet supplemented with 2 yg of iodide as potassium iodide per 
gram. 

The rate of release of I" from the thyroid (Fig. 1) was deter- 
mined in another group of animals which had been fed the con- 
trol diet for 1 week. These rats then received, intraperitoneally, 
50 ue of I*!, and the 24-hour uptake by the thyroid was deter- 
mined. Five rats each then were treated as in the previous four 
groups, 7.e. control, propylthiouracil, potassium perchlorate, and 
iodide; however, animals were not killed each day, and the radio- 
activity in the thyroid was determined by external counting. 

The thyroid glands were hydrolyzed by the method of Tong 
and Chaikoff (9). Each gland was ground in a glass homoge- 
nizer with 1.0 ml of cold 0.11 N sodium chloride-0.04 N sodium 
bicarbonate solution. The suspension was centrifuged, and 0.3 
ml of the supernatant was added to 0.2 ml of 2.0% suspension 
of pancreatin? in the NaCl-NaHCO; solution. To this mixture 
were added 20 wl of a 1.0% suspension of propylthiouracil, 10 
ul of 0.1 M manganese sulfate, and 2 drops of toluene. This prep- 
aration was then incubated for 24 hours at 38°. 

Each hydrolysate, in 20 to 100 yl portions, was applied across 
each of two 1.5-inch strips of either No. 1 or No. 3 Whatman 
paper and developed by ascending chromatography in n-butanol- 
absolute ethanol-0.5 N ammonium hydroxide (5:1:2) and n- 
butanol-glacial acetic acid-water (15:2:3) solvent systems, re- 
spectively, for about 16 hours. Each strip was analyzed for 
radioactivity by an automatic strip scanner and Brown recorder 
and then radioautographed. The radioactive iodine components 
were identified by comparison of the Ry values of both the radio- 
autographed and strip-scan records to those of simultaneously 
chromatographed samples of authentic thyroxine, triiodothyro- 
nine, diiodotyrosine, monoiodotyrosine, and iodide. The chro- 
matographs of these standards were visualized by the ceric 
sulfate method of Kono and Astwood (10). The relative pro- 
portions of the I'* components were determined from the scan- 


2 Viocase, Viobin Corporation, Monticello, Illinois. 
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ning records by planimetric measurement. The I activity of 
each component was then taken as the average of that given by 
the two chromatographic systems. 


RESULTS 


The mean thyroid uptake of radioiodine in 24 hours for all of 
the animals used in this study was 13.3 + 4.8% (mean + S. D.). 
The animals fed the control diet, relatively low in iodine, for 7 
days before the injection of I had a-mean uptake of 12.4% of 
the administered dose; 14 days, 15.8%; 30 days, 16.1%; and 34 
days, 14.7%. ‘Thus, over a 5-week period the low iodine diet 
had its maximum effect on thyroid ['* uptake within the first 7 
days and reached a peak effect within 14 days. 

The release of [*! from the thyroids of the control animals and 
of those treated with propylthiouracil, potassium perchlorate, 
and iodide is shown in Fig. 1. After 6 days, 53% of the 24-hour 
thyroid I'*! had been lost in the control group, whereas 92% of 
that present in the propylthiouracil-treated rats had been re- 
leased. The values for iodide-fed and potassium perchlorate-fed 
groups were intermediate between these extremes. The bio- 
logical half-life of the I" in the thyroid was 5.5 days in the con- 
trols, 4.6 days in the group given iodide, 3.1 days in the per- 
chlorate group, and 1.65 in those given propylthiouracil. 

Twenty-four hours after the injection of I, the total radio- 
activity in the thyroid hydrolysates of animals fed the control 
diet was distributed among the components analyzed as shown 
in Table I, Group 0. As shown by the other figures in Table I, 
daily determinations on animals receiving the control diet over 
the next 6 days showed no significant variation in the relative 
proportions of these components, whereas 53% of the total ['™ 
initially present left the thyroid. Triiodothyronine was detect- 
able in all hydrolysates until 12% of the total I activity was 
lost, in some hydrolysates until 46% of the total I"! activity was 
lost, and in none thereafter. 

In the propylthiouracil-treated animals (Table II), the pro- 
portion of thyroxine diminished progressively, so that thyroxine 
accounted for only 8% of the residual radioactivity on the 6th 
day of treatment. After 48 hours of propylthiouracil treatment, 
i.e. 72 hours after administration of I", triiodothyronine was 
detectable in 3 of 4 hydrolysates and accounted for only 1.5% 
of the I" activity; thereafter, no triiodothyronine activity was 
found. The high value for the I activity found at the origin 
in Group 3 and for the large S. D. is due to the value for one of 
the four animals in this group. There were no significant changes 
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in the proportions of the other components or in the monoiodoty- 
rosine-diiodotyrosine ratio, whereas 92% of the total activity 
left the gland. 

The relative proportions of the radioiodine-labeled components 
in the animals treated with potassium perchlorate (Table III) 
did not vary significantly from those of the control group (Table 
I), although about 1.5 times the total amount of I" activity had 
left the glands at the end of 6 days. Triiodothyronine was de- 
tected in some of the hydrolysates through 72 hours of perchlorate 
treatment, at the end of which 48% of the total I" activity had 
been lost. 

In the thyroids of the iodide-supplemented animals (Table IV), 
the relative proportions of radioiodinated constituents differed 
from those in the control thyroids only in that monoiodotyrosine 
decreased from 25% to 15% of the total I"* activity over the 6 
days of treatment. Tiliedathgseaies was found in diminishing 
proportions in some of the hydrolysates for 72 hours of treat- 
ment, but in none thereafter. 


TABLE [ 


Components of thyroid hydrolysates over 7-day period 
after 50-uc dose of I'*1 


























Sé 2 3 | I!" activity in components® of thyroid hydrolysate” 
ol 
va) £2) 1. | Fr MIT DIT | Origi 
ro) ra 3 ‘ igin 
hows} % | % | % % % % 
0 | 24/1340.82143 841 | 25 + 2) 42 4 46 + 2 
1 | 48/3 40.423 +3 341 | 24+ 3 41 + 35 + 0.7 
2 | 72) 2 i842 \6 + 0.5| 23 + 3] 43 + 28 +1 
3 | 96| 0.9 aes Pe 1 25 + 3\ 41 + 67 + 1 
4 | 120) 0.3° 2641 4 + 0.9) 23 + 2) 39 + 38 + 2 
5 ee 22 + 2 |4 + 0.6) 20 + 4) 42 + 49 + 3 
6 | 168) 0 [23 + 0.8/2 + 0.8) 20 + 2) 48 + 37 + 1 





* The abbreviations used are: T;, triiodothyronine; T,, thyrox- 
ine; I-, iodide; MIT, monoiodotyrosine; DIT, diiodotyrosine; 
and Origin, material remaining at the origin of the chromato- 
gram. 

+ Mean + S.D. (after method of Dean and Dixon (11)). 

¢ T; not detectable in all hydrolysates. 


TaBLeE II 


Components of hydrolysates of thyroids from animals treated with 
propylthiouracil for 6 days after 24-hour uptake of 50-ye 


























dose of I‘ 

EF 2 Treat- I! activity in components® of thyroid hydrolysates” 

ag | ment | 

BH | time | l -_ a 
ra) | Ts | Ts I MIT DIT Origin 

hours | % | % | % % % % 
0 O° |3 + 0.821 + 3/3 +1 [25 + 2 4244 |642 
1 | 24| 1.4¢ |16 + 2/3 + 0.626 + 0.848 + 0.9/6 +1 
2 | 48 | 1.54 164234082544 4643 |8+2 
3 | 72| 0 [1345342 2845 648 25417 
4|%/ 0 |9+63+40.83344 1+6 |9+3 
5 |10| 0 |9+3341 3O+2 [5243 |744 
6 |144| 0 |8+3242 2241 Kot 3 | 946 
| 








@ Abbreviations as in Table I. 

> Mean + S.D. (after method of Dean and Dixon (11)). 
¢ Equivalent to 24 hours after I!*! injection. 

4T; not detectable in all hydrolysates. 
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Since in all of these experiments the radioiodine was given 
before treatment with the various agents, it was important to 
determine the level of the block to radioiodine uptake throughout 
the 6-day period in order to know to what extent recycling of 
iodine had been inhibited. In another experiment, therefore, 
animals were given the control diet containing 0.25 ug of iodide 
per g for 15 days; four rats were used as untreated controls and 
groups of four were given, subcutaneously, 10 mg of propy!- 
thiouracil suspended in 20% gelatin, or 200 mg of potassium 
perchlorate in 20% gelatin, or 20 ug of iodide as potassium iodide 
in 0.5 ml of water. After 75 minutes, each of the animals in the 
four groups was treated by intraperitoneal injection with 25 uc 
of I. The animals were then fed the diet corresponding to 
that of the similarly treated groups in the previous experiments. 
After 24 hours, the I! uptake of the controls as determined by 
external counting was 9.2%, whereas the iodide group accumu- 
lated 7.2% of the administered dose of I*. In the animals 
treated with propylthiouracil or perchlorate, there was no up- 
take of I". In the iodide-treated group, the increase in avail- 
able '” caused some dilution of 1’! available for uptake, but 
was not sufficient to prevent accumulation of a substantial pro- 
portion of a dose of I given rapidly. In contrast, propyl- 
thiouracil and perchlorate were completely effective in blocking 
|! uptake for the same period. 

After these determinations were made, the animals were fed 
the several diets for a further 6 days. At the end of this period, 
25 uc of I! was again injected intraperitoneally into each rat, 
and 24-hour uptake by the thyroid was determined and found 
to be 8.9, 6.3, 0, and 0% for the control, iodide, propylthiouracil, 
and perchlorate groups, respectively. Thus, the doses of propyl- 
thiouracil and perchlorate used were sufficient to prevent uptake 
both at the beginning and at the end of the 6-day period of feed- 
ing. 


DISCUSSION 


In normal (7.e. untreated) animals, the relative proportions of 
the labeled compounds in hydrolysates of the thyroid remained 
remarkably constant over the 7-day period after the injection of 
I. The findings agree well with those of Tong and Chaikoff 
(9), but it is not at all clear why these relative proportions did 
not change during the period when the total I'™ content of the 
glands was decreasing. One explanation would be that the rates 
of conversion of monoiodotyrosine to diiodotyrosine and of the 
two of these compounds to triiodothyronine and thyroxine were 
exactly the same as the rate of secretion of triiodothyronine and 
thyroxine. In any event, the observed constancy strongly sug- 
gests that within 24 hours after giving I", there was uniform 
labeling of all of the iodine “compartments” within the gland. 

The fact that perchlorate did not cause a change from the 
normal amount in the proportion of the labeled iodoamino acids 
could be quoted in favor of either of two hypotheses of hormone 
secretion. The first, assuming uniform labeling, is the current 
concept that thyroglobulin is completely broken down to its 
component amino acids and that the thyronines are secreted and 
the tyrosines deiodinated; a second possibility would be that the 
tyrosines are largely converted to the thyronines and leave the 
thyroid in this form. The latter would require that the rate of 
interconversion equal the rate of secretion. 

The more rapid loss of monoiodotyrosine caused by giving 
small doses of iodide is difficult to explain. The total uptake 
of I'*t was only moderately reduced by the doses given; the half- 
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TaBLeE III 
Components of hydrolysates of thyroids from animals treated with 
potassium perchlorate for 6 days after 24-hour uptake 
of 50-ye dose of I'* 


























ee A Treat 118 activity in components* of thyroid hydrolysates? 
animals ment 

per time j 

group) Pak | r MIT DIT | Origin 

hours | % | % | % % % % 

0 OB £0.82 43 341 25 + 2/42 4+ 446 + 2 
1 24 | 0 16 + 1) 2 + 0.626 + 2149 + 3/6 + 2 
2 48 0.44 19 + 2} 5 + 0.527 + 3/44 + 2) 8 + 3 
3 72 1¢ 20 + 4| 2 + 0.6124 + 345 4 3/841 
4 % | 0 20+ 2} 241 27 + 442 + 3/8 + 3 
5 120 0 17 + 50.6 + 0.281 + 243 + 7/9 + 3 
6 144 0 19 & 40.5 + 0.9107 + 244 + 2/10 + 2 





* Abbreviations as in Table I. 

> Mean + §.D. (after method of Dean and Dixon (11)). 
¢ Equivalent to 24 hours after I!*! injection. 

4T; not detectable in all hydrolysates. 


TaBLe IV 


Components of hydrolysates of thyroids from animals treated with 
iodide for 6 days after 24-hour uptake of 50-uc dose of I'*! 
































hee Treat- I!® activity in components® of thyroid hydrolysates? 

animals | ment 

per time | j 

group) Te bv : MIT DIT Origin 
hours % % % % % % 

0 O¢ |3 + 0.8) 21 + 33 + 1 25 + 2)}42+ 4 6+2 

1 24 0.74 25 + 22 + 0.7} 23 + 2) 444+ 3) 64 2 

2 48 0.34 | 26 + 4/3 + 0.3) 21 + 5) 438 + 6) 74+ 3 

3 72 0.34 21 + 2/3 + 0.5) 20 + 4; 48 + 2) 8+ 3 

4 96 0 23 + 4/4 + 0.6) 18 + 2} 48 + 44 7241 

5 120 0 23+ 33+1 |202+7 47+ 3) 8+ 5 

6 144 0 26 + 62 + 1 15 + 4,48 + 3'10+1 








# Abbreviations as in Table I. 

> Mean + S.D. (after method of Dean and Dixon (11)). 
¢ Equivalent to 24 hours after I" injection. 

4 T; not detectable in all hydrolysates. 


time of loss was reduced only from 5.5 to 4.6 days, and conse- 
quently, recycling of I’ was probably only moderately inhibited. 
However, it may be presumed that the uptake of I’? was greatly 
augmented, because the intake of I! was increased about 10- 
fold, whereas uptake of I" was reduced by only about 25%. 
It is not easy to discern, however, why the lowered specific ac- 
tivity of the recycled I** over the 7-day period or the augmented 
uptake of I’ should lower selectively the proportion of labeled 
monoiodotyrosine. 

The rapid reduction in the proportion of “labeled” thyroxine 
in the animals given propylthiouracil contrasts sharply with the 
nearly constant proportion throughout in the other three groups 
of animals. It cannot be explained on the basis of inhibited 
binding of iodine or of a block to recycling of I", because per- 
chlorate had no such effect, although completely inhibiting up- 
take and recycling. 

Whether the gradual reduction in the proportion of I'*!-tri- 
iodothyronine in the thyroids of control animals is artifactual] 
or otherwise significant is not clear. Tong and Chaikoff (9), 
using a more sensitive method of counting, found 2 to 4% tri- 
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iodothyronine in the thyroids for 9 days after radioiodine ad- 
ministration. Richards and Ingbar (8), also using an automatic 
strip counter, found measurable triiodothyronine in only half of 
the animals 24 hours after I! was given. Therefore, the loss of 
“‘labeled”’ triiodothyronine in our study may be a function of the 
low sensitivity setting of the strip scanner which had to be used 
in order to record the large quantities of monoiodotyrosine and 
diiodotyrosine. Thus, we cannot make valid comparison of the 
loss of triiodothyronine from control and treated animals, al- 
though the rapid disappearance when propylthiouracil was given 
probably has significance. 

No block between monoiodotyrosine and diiodotyrosine was 
found in this study, although by the design of the experiments 
it is not certain that a block would be detectable. Pitt-Rivers 
et al. (12) have called attention to the relatively increased mono- 
iodotyrosine and diminished proportions of diiodotyrosine and 
of the thyronines in almost every study (13-18) where normal 
thyroid function is altered, and concluded that the organic bind- 
ing of iodine to form monoiodotyrosine is a primitive process. 
Moreover, large doses of iodine (19), hypophysectomy (20), diets 
deficient in iodine (21-23), and treatment with propylthiouracil 
(7, 8) have now been found to induce this so-called block between 
monoiodotyrosine and diiodotyrosine. Some monoiodotyrosine 
is found even in thyroids of rats treated with enormous doses of 
propylthiouracil (24). 

The finding in the present study that propylthiouracil pro- 
duces a relative reduction in the thyroxine component of thyroid 
hydrolysates may be interpreted to mean that propylthiouracil 
not only interferes with the initial iodination of tyrosine within 
thyroglobulin but also inhibits the coupling of iodotyrosines to 
form iodothyronines, as suggested by Pitt-Rivers (5). The loss 
of the iodotyrosines during treatment with propylthiouracil, 
when interconversion is presumably completely blocked, indi- 
cates that, under these conditions, they can be released from 
thyroglobulin and deiodinated. However, it would appear that 
iodothyronines can be released from the thyroid at a rate 
faster than the iodotyrosines. Unless it be assumed that deio- 
dination of monoiodotyrosine and diiodotyrosine may be some- 
what inhibited by propylthiouracil while the secretion of iodo- 
thyronines proceeds normally, the previous finding would be 
incompatible with the current theory that thyroglobulin must 
be broken down to its constituent amino acids in order that the 
thyronines be secreted (25). Despite these effects of propylthio- 
uracil, its effect in enhancing the rate of release of I'*! from the 
thyroid over that seen in perchlorate-treated animals cannot be 
explained and suggests that there is yet another action of this 
type of antithyroid compound which has not hitherto been de- 
tected and taken into account in studies of this sort. 


SUMMARY 


Rats fed a diet low in iodine were given radioactive iodine. 
Twenty-four hours later, one group served as controls, while 
other groups received propylthiouracil, potassium perchlorate, 
or potassium iodide. The thyroid I'*! release was followed for 
6 days. Simultaneously, thyroids from four animals in each 
group were hydrolyzed enzymatically and chromatographed, 
and the relative proportions of radioiodinated components de- 
termined. 

Twenty-four hours after the I injection, the radioactivity 
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in thyroid hydrolysates was represented by 3% triiodothyronine, 
21% thyroxine, 3% iodide, 25% monoiodotyrosine, and 42% 
diiodotyrosine, and 6% remained at the origin of chromato- 
graphic strips. Daily determinations in the control and per- 
chlorate-treated groups for 6 days revealed no significant change 
in the relative proportions of these components. In the iodide- 
treated group, monoiodotyrosine decreased from 25% to 15% 
of the total I". In the propylthiouracil-treated group, loss of 
all of the labeled compounds was accelerated and the proportion 
of thyroxine diminished progressively so that only 8% of the 
residual radioactivity was thyroxine by the 6th day. 

These findings were taken to mean that propylthiouracil not 
only blocks iodination but may also inhibit coupling of iodoty- 
rosines. It would also appear that iodothyronines can be re- 
leased from the thyroid at a rate faster than the iodotyrosines, 
a finding possibly incompatible with the theory that secretion 
of thyroid hormone requires complete hydrolysis of thyroglobulin. 
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JAYANT G. JosHI AND Puitie HANDLER 
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(Received for publication, April 29, 1960) 


Trigonelline, N-methyl nicotinic acid, was first noted in the 
seeds of Trigonella foenum-graecum (the fenugreek) (1) and has 
since been found in the seeds and tubers of many species (2, 3) as 
well as in leaves of one species of pea (4). Although one may 
assume that trigonelline arises metabolically from nicotinic acid, 
definitive evidence has been lacking. In the course of several 
attempts to demonstrate formation of nicotinic acid from tryp- 
tophan by higher plants, administration of C-labeled trypto- 
phan (5, 6) or 3-hydroxyanthranillic acid-7-C™ (7) did not result 
in the appearance of either labeled nicotinic acid or trigonelline. 
In the studies to be reported below, it has been demonstrated 
that trigonelline synthesis in the green pea, Pisum sativum, 
proceeds in a manner analogous to the formation of N-methy! 
nicotinamide in rat liver (8), i.e. methylation is accomplished by 
reaction between nicotinic acid and S-adenosyl methionine. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Nicotinic acid-7-C™ with specific activities of 3.09 and 5.88 
me per mmole, and nicotinamide-7-C™, specific activity 1.4 me 
per mmole, were obtained from the New England Nuclear Cor- 
poration. S-Adenosyl methionine was prepared as described by 
Cantoni (9). The purity of the preparation was determined by 
estimation of amino nitrogen and of absorbancy at 260 mu. 
Trigonelline was prepared from nicotinic acid and methy! iodide 
as described by Sarett et al. (10). 

Paper chromatography was performed by the descending tech- 
nique with the following solvent systems: 

1. The upper phase of n-butanol-glacial acetic acid-water 
(250:60:250). 

2. 70% Ethanol + 30% ammonium acetate, adjusted to pH 
5 with HCl. 

3. n-Butanol saturated with 15% ammonium hydroxide. 

4. Isopropanol 80% made 2 N with respect to HCl. 

5. 95% Ethanol + concentrated ammonium hydroxide (95:5). 

6. The upper phase of butanol-acetone-water (45:5:50). 

Of these solvents, System I effects separation of nicotinic acid 
from trigonelline, 2 separates nicotinic acid, DPN, and trigonel- 
line, 3 separates nicotinamide from nicotinic acid and both 5 and 
6 separate trigonelline from N-methyl nicotinamide. 

Radioactivity on paper chromatograms was assayed either 
with a Forro strip counter with an Esterline-Angus recorder, or 
sections of the paper were cut and examined in a Packard Tri- 
Carb liquid scintillation counter, or the spots were treated with 


* These studies were supported in part by Grant RG-91 from the 
National Institutes of Health, United States Public Health Serv- 
ice, and by Contract AT-(40-1)-289 between Duke University and 
the United States Atomic Energy Commission. 


water, the eluates being dried in planchets and radioactivity 
assayed with a Tracerlab, Inc., gas flow counter. 

Preparation of Pea Extracts—Seeds of P. sativum were washed 
repeatedly with distilled water followed by two successive wash- 
ings with 0.2% HgCl: in 50% ethanol and then two washes with 
sterile distilled water. Germination was accomplished by plac- 
ing the peas on filter paper over a pad of vermiculite. The filter 
paper was maintained constantly soaked with sterile tap water. 
After 6 days of germination in the dark, the seedlings were 
weighed and homogenized with 2 volumes of 0.61 m Tris, pH 
7.4, for 1 minute in a Waring Blendor. The homogenate was 
filtered through 4 layers of cheesecloth and the filtrate centri- 
fuged at 18,000 r.p.m. for 20 minutes in a Lourdes model AB 
high-speed centrifuge. The entire procedure was conducted in 
the cold room at 3°. The supernatant fluid so obtained was 
used as a source of enzymes. Better extraction of active en- 
zymes was achieved with 0.01 m Tris at pH 7.4 than with phos- 
phate or carbonate buffers at the same or at 0.1 mM concentration 
and at either pH 7.4 or 8.6. 

Enzymic Assays—Composition of individual reaction mixtures 
will be indicated separately. After incubation, tubes were cooled 
and 0.3 ml of 5% trichloroacetic acid per ml of incubation mix- 
ture was added. The precipitated protein was removed by cen- 
trifugation and 25 yl of the neutralized supernatant fluid and 10 
ug each of trigonelline and nicotinic acid were spotted on What- 
man No. | filter paper. Chromatograms were prepared by the 
descending technique with Solvent 1 for 16 to 18 hours and then 
dried in a current of warm air. Spots were marked under ultra- 
violet light and radioactivity was assayed as previously described. 


RESULTS 


Table I indicates that extracts prepared from germinating peas 
can effect synthesis of trigonelline from nicotinic acid and methi- 
onine in the presence of ATP. Thus, incubation of 100 mumoles 
of nicotinic acid-7-C™ with 5 uwmoles of methionine resulted in 
formation of 2.16 mymoles of a radioactive compound which 
appeared to be trigonelline. In the absence of ATP, absolutely 
no synthesis was observed. 

Methylation of nicotinamide by methionine in the presence 
of ATP with rat liver enzymes is markedly enhanced by the addi- 
tion of sulfhydryl compounds such as glutathione. The gluta- 
thione appears to stimulate formation of S-adenosyl methionine 
from ATP and methionine, rather than the methylation of nico- 
tinamide (11). In contrast, addition of glutathione to the pea 
extracts in the present study in amounts of 10 umoles per ml of 
incubation medium was without effect on the rate of trigonelline 
synthesis. However, the absolute requirement for ATP for 
trigonelline synthesis strongly suggested the possibility that 
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TABLE I 
Trigonelline synthesis in pea extracts 

The complete system contained 0.4 ml of the extract, 5 umoles 
of Mg**, 20 umoles of potassium phosphate, pH 7.4, 20 umoles of 
ATP, 5 umoles of t-methionine, 100 myumoles of nicotinic acid-7- 
C4", and 25 wg of Aureomycin in a total volume of 1.1 ml which was 
incubated at 37° for 20 hours. Where so indicated, 100 mumoles 
of S-adenosyl methionine was added. When phosphate was 
omitted, Tris of the same concentration was substituted. A 25-yl 
aliquot was used for chromatography; radioactivity was deter- 
mined with the Tri-Carb liquid scintillation counter. 














Addition Omission Se 

mumoles 
2.16 

ATP 0.0 

S-Adenosyl methionine 30.7 
S-Adenosy! methionine ATP, methionine 32.4 
S-Adenosyl methionine ATP, methionine, Mg**, 31.6 

| phosphate 





S-adenosyl methionine might be an intermediate. As shown 
in Table I, when S-adenosyl methionine was substituted for the 
combination of methionine and ATP, trigonelline synthesis oc- 
curred more than 10 times as rapidly as that observed when 
methionine and ATP were used. Further addition of ATP and 
methionine did not augment the rate of trigonelline synthesis 
observed with S-adenosyl methionine alone. Thus, it would 
appear that in pea extracts, as in liver, S-adenosyl methionine 
serves as an active donor in methylating processes. 

Identification of Trigonelline—To establish the identity of the 
material thought to be trigonelline in the experiments described 
above, a mixture containing 4 times as much of each of the com- 
ponents as in the standard experiment was incubated in the same 
way. The entire protein-free filtrate was shaken 3 times with 
3 volumes of ether and the residual ether removed under vacuum. 
The resulting solution, free from trichloroacetic acid, was chro- 
matographed in Solvent 1. The newly formed radioactive ma- 
terial, with an Rr of 0.20, was located, the section of paper cut 
out, and eluted with water by descending chromatography. This 
procedure effectively separated a known sample of trigonelline 
(Rr 0.20) from unchanged ATP (Ry 0.0), methionine and adenine 
(Rr 0.42). The radioactive compound so obtained was identified 
as trigonelline by the following criteria: 

1. An aliquot of the solution was spotted together with syn- 
thetic trigonelline, and chromatograms were obtained with each 
of the 6 solvents described above. In all cases, radioactivity 
moved with the trigonelline. Fig. 1 shows separation of the 
enzymatically synthesized trigonelline from N-methyl nicotin- 
amide after 48 hours of paper chromatography with Solvent Sys- 
tem 5. The radioactive spot so obtained was exposed to ethyl 
methyl ketone-ammonia mixture and then examined under ul- 
traviolet light. In contrast with quaternary pyridinium com- 
pounds containing a CONH-R side chain, such as N-methyl 
nicotinamide, the enzymatically synthesized radioactive ma- 
terial failed to quench the irradiating light (12). Finally, the 
biosynthetic material served as a source of nicotinic acid for the 
growth of Torula cremoris, ATCC-2512, when examined by the 
technique of Johnson et al. (13), whereas N-methyl] nicotinamide 
was not so utilized, in conformity with previous findings. Thus, 
chromatographically, chemically, and as a growth factor for 
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yeast, the biosynthetic material appears to be trigonelline rather 
than N-methy] nicotinamide. 

Properties of Enzyme—In studying the methylating enzyme 
from pea extracts, a fresh supernatant solution was prepared 
each day. A wide variation in enzyme activity was noticed al- 
though the protein content of the extracts did not differ ap- 
preciably. K,, for nicotinic acid with this enzyme, as determined 
from the Lineweaver-Burk plot shown in Fig. 2, was found to be 
4.0 xX 10-‘m. Optimal activity was achieved between pH 6.0 
and 7.0. 

As indicated above, there is no evidence that these pea ex- 
tracts synthesize N-methyl nicotinamide. When nicotinamide 
replaced nicotinic acid in the incubation medium, the resulting 
methylated compound was again found to be trigonelline and 
no traces of N-methyl nicotinamide were detected. As shown 
in Fig. 3, the extracts used nicotinamide for trigonelline synthesis, 
initially at a decidedly slower rate, but after approximately 2 
hours the activity curves were almost parallel. This finding 
suggested the presence in the pea extract of a nicotinamidase 
which hydrolyzes nicotinamide to nicotinic acid and ammonia, 
As shown in Table II, the pea extracts exhibited vigorous deami- 
dase activity which does not require ATP or phosphate for maxi- 
mal activity and is not inhibited by the addition of ethylene- 
diaminetetraacetate to the medium. The specificity of the 
deamidase was not investigated other than to establish its inac- 
tivity with respect to hydrolysis of N-methyl nicotinamide. 
When pea extract was incubated with 400 mumoles of N-methyl 
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Fig. 1. Paper chromatographic separation of trigonelline (I) 
from N-methylnicotinamide (JJ) (for details, see text). 
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Fig. 2. A. Lineweaver-Burk plot of variation in trigonelline 
synthesis with substrate concentration. Velocity was calculated 
as mmoles per liter per 4 hours. B. Influence of pH on enzymatic 
trigonelline synthesis. For both series, the incubation mixture 
contained 0.2 ml of pea extract, 50 mumoles of S-adenosy] methio- 
nine, 12.5 wmoles of Tris acetate buffer in a total volume of 0.5 ml 
which was maintained at 37° for 4 hours. In Series B, all tubes 
contained 50 mumoles of nicotinic acid-7-C™. After chromatog- 
raphy in Solvent 1, the radioactive material in the spots was eluted 
into planchets which were dried and assayed in a gas flow counter. 
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Fic. 3. Synthesis of trigonelline from nicotinamide by pea ex- 
tracts. The incubation mixture contained 0.4 ml of pea extract, 
100 mumoles of nicotinic acid-7-C'* (@——®@) or nicotinamide-7- 
Cc“ (O——O), 100 myumoles of S-adenosyl methionine, 25 umoles 
of Tris acetate buffer at pH 7.4 and 12.5 ug of Aureomycin in a 
total volume of 1.0 ml. Trigonelline synthesis was assayed as 
described for the experiments in Table I. 


TaBLe II 
Amidase activity in pea extracts 

The complete system contained 0.2 ml of extract, 200 mumoles 
of nicotinamide-7-C", 2.5 umoles of Mg**, 20 umoles of potassium 
phosphate, pH 7.4, 12.5 umoles of ATP in a total volume of 0.6 
ml which was incubated for 1 hour at 37°. When phosphate was 
omitted, Tris of the same concentration and pH was substituted. 
A 25-ml aliquot was used for chromatography in Solvent 3. The 
radioactive spots were eluted into planchets, which were dried, 
and assayed in a gas flow counter. 





Additions and omissions Nicotinic acid formed 





myumoles 
Complete system 100.00 
- ATP 117.00 
— ATP — phosphate 108.00 
-— ATP — phosphate — Mgt* + 108.02 





EDTA* 10 umoles 





* Ethylenediaminetetraacetate. 


nicotinamide, and the incubation mixture was chromatographed 
in Solvent System 3, no trigonelline could be detected on the 
chromatogram and the N-methyl nicotinamide was recovered 
quantitatively. 


DISCUSSION 


The results presented above strongly suggest that pea extract 
catalyzes the formation of S-adenosyl methionine from methio- 
nine and ATP, and demonstrate that this material can then be 
utilized for the methylation of nicotinic acid with formation of 
trigonelline. The substrate specificity of the methylating en- 
zyme, for which the term nicotinic acid methylpherase is here 
proposed, has not been established except to indicate that it is 
incapable of the methylation of nicotinamide, in contrast to the 
enzyme in mammalian liver. The plant enzyme for S-adenosy! 
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methionine synthesis differs from that in liver in that there is no 
requirement for addition of sulfhydryl compounds to the medium 
whereas the animal enzyme is markedly sulfhydryl-dependent. 
Definitive evidence of the formation of S-adenosyl methionine 
in plants has been provided by the isolation of this compound 
from extracts of barley seedlings after incubation with methio- 
nine and ATP by Mudd (14), who has also shown that S-adenosyl 
methionine is the methyl donor in the enzymic formation of a 
series of alkaloids. 

It is difficult to reconcile the eomplete failure .of N-methyl 
nicotinamide synthesis in pea extracts with the report of Stul’- 
nikova (15) describing synthesis of N-methyl nicotinamide from 
methionine and nicotinamide in bean, wheat, and corn seedlings. 
Whether this reflects a species difference or differences in tech- 
nique remains to be ascertained. The nicotinamide deamidase 
activity of pea extracts is striking in that it is considerably 
greater, on a molar basis, than is the methylating system. The 
source of nicotinamide which might serve as substrate for this 
activity is unknown. Neither whole homogenates nor extracts 
of germinated peas showed any DPNase activity, and unpub- 
lished studies performed earlier’ failed to reveal any pathway 
for direct synthesis of nicotinamide from nicotinic acid, ATP, 
and a series of potential ammonia donors. 

It is presumed that trigonelline, normally present in seeds, 
serves as a storage of nicotinic acid for utilization in DPN bio- 
synthesis. The mechanism of this process is currently under 
investigation. 


SUMMARY 


Extracts of seedlings of Pisum sativum catalyze synthesis of 
S-adenosyl methionine from adenosine triphosphate and methi- 
onine, and synthesis of trigonelline from nicotinic acid and S- 
adenosylmethionine. The designation nicotinic acid methyl- 
pherase is suggested for the enzyme responsible for the latter 


reaction. Some aspects of the specificity and kinetic properties 
of the enzyme are presented. 
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Partial purification of an enzyme from chicken liver which re- 
duces folate! to tetrahydrofolate was reported previously (1). 
This reduction has been assumed to proceed in two sequential 
steps, 


1 


folate sat folate-H. <7 folate-Hy, 


each step being catalyzed by a separate enzyme, E, (folic acid 
reductase) and EF, (dihydrofolic acid reductase) (2). The puri- 
fication of dihydrofolic acid reductase from chicken liver (3) and 
from sheep liver (4) has been reported. In each case the final 
preparation reduced only dihydrofolate; no mention was made of 
the distribution in different fractions of folic acid reductase which 
was presumably present in the starting material. 

In this laboratory all attempts to resolve the system reducing 
folate to folate-H, into its components, F; and EH», were unsuc- 
cessful. Moreover, evidence has accumulated that both reac- 
tions (reduction of folate and folate-H.) are carried out by the 
same enzyme (5). The basis for differences between these re- 
sults and those of earlier investigations (2-4) is discussed. 


EXPERIMENTAL PROCEDURE 


The folic acid reductase was purified from acetone powder 
preparations of chicken liver as described elsewhere (1). Dihy- 
drofolate was prepared by the reduction of folate (Nutritional 
Biochemicals Corporation) with sodium dithionite according to 
the procedure of Futterman (2). The product was stored as a 
suspension in 0.001 m HCl. Solutions were prepared for use by 
diluting an aliquot of the suspension with 0.01 m NaOH contain- 
ing 0.13 M mercaptoethanol. TPNH was prepared by enzymatic 
reduction of TPN (6) (Pabst Laboratories) by means of a pro- 
cedure described previously (1). DPNH and glucose 6-phos- 
phate dehydrogenase were obtained from Sigma Chemical Com- 
pany. 

The enzymatic reduction was measured by the following 
methods: (I) determination of the diazotizable amine formed 
upon spontaneous decomposition of folate-H,, (II) determination 
with glucose 6-phosphate dehydrogenase of TPN formed during 
the course of the reaction, and (III) determination of the amount 
of TPNH oxidized as measured by the change of absorbancy at 
340 mu. Methods I and II were described in detail elsewhere 
(1). Also, the experimental evidence for the agreement between 
these methods has been presented (1). Since dihydrofolate also 


* This work was supported, in part, by a research grant (CY- 
2906) from the National Cancer Institute, United States Public 
Health Service. 

1 Abbreviations: folate, folic acid (pteroylglutamic acid); 
folate-H2, dihydrofolic acid; folate-H,, tetrahydrofolic acid. 


decomposes with formation of a diazotizable amine, Method I 
was applicable only when folate was the substrate. 

When Method III was used the incubations were carried out 
in Beckman cuvettes at room temperature. Since, under these 
conditions, both TPNH and folate or dihydrofolate contribute 
to the absorbancy at 340 muy, the sum of two molar extinction 
coefficients was used. For the reduction of folate, which requires 
two equivalents of TPNH, and of dihydrofolate, which requires 
one equivalent of TPNH, these values were 15.6 X 10? and 9.4 
X 10%, respectively, representing the sums of E30 = 6.2 xX 10° 
for the oxidation of TPNH (7) (or 2 X 6.2 xX 10* when folate 
was the substrate) plus Hs = 3.2 xX 10* for the reduction of 
either folate or folate-Hz. The latter value was determined from 
the change in the ultraviolet spectra of folate and folate-H2 upon 
reduction (8). The agreement between Methods II and III was 
demonstrated by the following experiment. Two identical sam- 
ples in which folate-H2 was the substrate were incubated with 
TPNH and enzyme preparation at room temperature. The con- 
centration of folate-H, formed after 10 minutes was found to be 
2.00 <x 10-5 m when determined by Method II and 2.35 x 10-5 
M when determined by Method III. 


RESULTS 

Preliminary Observations—The partially purified preparation of 
folic acid reductase reduced dihydrofolate much faster than fo- 
late. However, all attempts to separate fractions reducing only 
folate or dihydrofolate by selective adsorption on phosphate gel, 
chromatography on DEAE-cellulose, chromatography on car- 
boxymethyl cellulose and paper electrophoresis were unsuccess- 
ful. Also, no enrichment of either activity could be demon- 
strated during the routine purification of the enzyme (Table I). 
In contrast, the complete separation of tetrahydrofolic acid 
formylase from folic acid reductase was achieved during the same 
procedure. The slight differences in the ratio of the activities 
at different stages of the enzyme purification can be explained 
by the variations in TPNH levels due to the presence of inter- 
fering enzymes. It is obvious that the change in concentration 
of TPNH will affect the reduction of folate more than that of 
folate-H.. 

Effect of pH and Cofactors—The effect of pH on the reaction 
velocity with dihydrofolate or folate as substrate is shown in 
Fig. 1. Between pH 5.2 and 5.6 the TPNH dependent reduc- 
tion of folate-H» proceeds 20 to 60 times faster than does that 
of folate. With DPNH as hydrogen donor, the velocity of the 
reduction of folate-H» is greatly reduced. The same effect was 
observed when folate was used as substrate (1, 2). At neutral 
pH, however, reduction of folate did not proceed at a measurable 
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TABLE I 
Relative activity of folic and dihydrofolic acids as substrates at 
different stages of enzyme purification 











Rela- Ratio of activities 
er 3 
specific 
ion* ivi Folat Folate-H 
Enzyme preparation peavey - acti am _teda ction? 
reduc- | Folate-H, Folate 
tion® | formylation | reduction® 
1. Extract of acetone powder 10.14 
(chicken liver) 9.5 
2. Extract of acetone powder treated) 1 1.3 8.9 
with Dowex 1-Cl 8.9 
3. Supernatant after precipitation | 1.64 9.8 9.5 
of protein at pH 5.5 11.8 
4. Supernatant after precipitation | 1.84 ~ 14.2 
of protein at pH 4.5 11.4 
5. Extract of the 40-60% acetone | 7.35 13.5 
precipitate 12.2 














¢ The procedures used to purify the enzyme and to assay for 
folic acid reductase and tetrahydrofolic acid formylase were de- 
scribed previously (1). 

>To determine the activity toward folate-H2, 0.02 ml of the 
enzyme solution was incubated at room temperature in the me- 
dium containing 0.1 M citrate pH 6.0, 4.36 X 10-5 m folate-Ho, 
9.0 X 10-° m TPNH, and 6.5 X 10-* m mercaptoethanol in a total 
volume of 1 ml. The oxidation of TPNH was followed by meas- 
urement of absorbancy at 340 my» (Method III). Readings were 
taken at 1-minute intervals for 6 minutes. The initial velocity 
was computed per minute per 0.2 ml of the enzyme solution. 

¢ To determine the activity toward folate, 0.2 ml of the enzyme 
solution was incubated at 37° in a medium containing 0.1 M cit- 
rate pH 5.2, 4.36 X 10-5 m folate and 3.64 X 10° m TPNH in a 
total volume of 1.0 ml. In order to obtain the initial velocity as 
accurately as possible, the time of incubation was varied depend- 
ing on the activity of the enzyme between 3 and 6 minutes. In 
every case the initial velocity was computed per minute. The 
reaction was stopped by addition of 0.2 ml of 5m HCl. The 
amount of folate-H, formed was calculated from the determina- 
tion of diazotizable amine (Method I). 

4 Duplicate analyses on the same preparation. 


rate even in the presence of TPNH, whereas dihydrofolate was 
readily reduced under these conditions. 

Inhibition of Reduction of Dihydrofolate by Folate—When the 
reduction of folate-H» was allowed to proceed in the presence of 
folate, considerable inhibition of the reaction has been observed. 
This observation was possible only because of the great difference 
in the reaction velocities of the two substrates. An analysis of 
this inhibition according to Lineweaver and Burk (9) is presented 
in Fig. 2. The common intercept for all three lines indicates 
that the inhibition is competitive. Fig. 3 represents a similar 
graphic analysis of the reaction when folate was the substrate. 
The kinetic constants calculated from the data in Figs. 2 and 3 
are summarized in Table II. The fact that the affinity of folate 
to “dihydrofolic acid reductase” (K;) is the same as its affinity 
to “folic acid reductase” (K,,) indicates strongly that in both 
cases the same enzyme is involved.” 


* The significance of K,, as true dissociation constant of folic 
acid reductase-folate complex was discussed elsewhere (14). 
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Fia. 1. Effect of pH on the rate of reduction of folate and di- 
hydrofolate in the presence of DPNH and TPNH. The oxidation 
of TPNH or DPNH was followed by measuring the change of 
absorbancy at 340 mu (Method III). Readings were taken at 
1-minute intervals for 6 minutes. Citrate buffer (0.1 m) was used 
throughout the pH range tested. The concentrations of folate 
and folate-H2 were 4.36 X 10-§ m; TPNH and DPNH were 8.0 X 
10-'m. Purified enzyme solution, 0.05 ml, was used with folate-H: 
and 0.25 ml with folate as substrate. Mercaptoethanol (6.5 x 
10-* m) was included in the medium and the final volume was 1.0 
ml. V = initial velocity; moles of product per liter per min per 
0.25 ml of enzyme solution. 
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Fig. 2. Inhibition of the reduction of dihydrofolate by folate. 
Aliquots of the purified enzyme solution (0.01 ml) were incubated 
in Beckman cuvettes at room temperature in media containing 
0.1 M citrate pH 5.2, 6.5 X 10-? m mercaptoethanol, 2.0 X 10-4 m 
TPNH, and folate-H2 and folate as indicated. The total volume 
of each incubation was 1.0 ml. Oxidation of TPNH was followed 
by measurement of absorbancy at 340 mu (Method III). Read- 
ings were taken at 2-minute intervals for 6 minutes. S = Folate- 
H:; moles per liter. V = Initial velocity; moles of product per 
liter per minute per 0.2 ml of enzyme solution. 


Inhibition of Reductase Activity by Amethopterin—Amethop- 
terin inhibits folic acid reductase in rat liver (10) and sheep liver 
(11) in an irreversible manner (12). The same type of inhibition 
by amethopterin was also observed in the system described here 
when either folate or folate-H. was used as substrate (Fig. 4). 
When the inhibition is of the irreversible type, the inhibitor can 
be directly titrated with the enzyme and vice versa. For a con- 
stant enzyme concentration the plot of the reaction velocity 
versus the inhibitor concentration should produce a straight line 
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Fia. 3. Velocity of reduction of folate in relation to substrate 
concentration. The conditions for incubation and analytical 
procedure were the same as described in Fig. 2, except that folate 
was the substrate and 0.2 ml of enzyme solution was used for 
each incubation. S = Folate; moles per liter. V = Initial veloc- 
ity; moles of product per liter per minute per 0.2 ml of enzyme 
solution. 


TaBLeE II 


Kinetic constants of folic acid reductase with folate and 
dihydrofolate as substrates 








Vmax | Km | K;* 
moles /l/min/per 0.2 ml enzyme X 10% | MX 106 | mw X 106 
J) ee, ae 2.5 7.9 8.1T 
Dihydrofolate... . 67 8.6 





* Folate as inhibitor in the presence of dihydrofolate as sub- 
strate. 

+ Average of two values (8.5 X 10-* and 7.6 X 10~*) obtained at 
two different levels of the inhibitor. 
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Fig. 4. Irreversible inhibition by amethopterin of reduction of 
folate and dihydrofolate (Ackerman and Potter inhibition anal- 
ysis). The indicated aliquots of the enzyme solution were incu- 
bated at room temperature in media containing 0.1 M citrate pH 
5.2, 4.0 X 10-* m TPNH, and 4.36 X 10-5 m folate or folate-Ho, 
with or without amethopterin in the total volume of 1.0ml. Time 
of incubation was 5 minutes with folate and 1 minute with folate- 
H: as substrate. The extent of the reaction was measured in the 
former case by determination of diazotizable amine (Method I) 
(4 O.D. at 560 my) and in the latter case by determination of 
TPN with glucose 6-phosphate dehydrogenase (Method II) (A 
O.D. at 340 mz). O, No amethopterin; @, amethopterin, 4 X 
10-* moles per liter. 
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(Fig. 5). The intercept at the abscissa indicates the concentra- 
tion of the inhibitor required to inactivate quantitatively a given 
amount of the enzyme. The amount of amethopterin needed 
for quantitative inhibition of the enzymatic activity was the 
same when either folate or dihydrofolate was used as substrate 
(Fig. 5). 

Rate of Heat Inactivation of Enzyme—A comparison of the rates 
of heat inactivation may indicate whether more than one enzyme 
is involved in the reaction with two different substrates since it 
is unlikely that two proteins would have exactly the same rate 
of thermal denaturation. In Fig. 6, the per cent of the observed 
reductase activity is related to the time of exposure of the en- 
zyme at a temperature of 45°. The rate of inactivation was the 
same whether folate or dihydrofolate was used as substrate. 


DISCUSSION 


The evidence presented indicates that dihydrofolate is a much 
better substrate than folate for the enzyme, folic acid reductase. 
This circumstance may well account for the failure to detect any 
accumulation of dihydrofolate as an intermediate in the conver- 
sion of folate to tetrahydrofolate in purified preparations derived 
from chicken liver (1). The occurrence of dihydrofolate as a 
product of folic acid reductase, however, is inferred from the en- 
zymatic reduction of synthetic dihydrofolate to tetrahydrofolate. 
The chemical reduction of folate to dihydro and tetrahydro de- 
rivatives, although accomplished under different conditions (8), 
also suggests that the biological reduction of folate could proceed 
in an analogous stepwise manner. In the biochemical conver- 
sion of folate to tetrahydrofolate, however, dihydrofolate may 
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Fig. 5. Titration of reductase activity with amethopterin. 
The conditions of incubation and analytical procedures were the 
same as described in Fig. 4, except that the amount of enzyme 
was constant (0.2 ml) in each case and the concentration of the 
amethopterin was varied as indicated in the graph. V = Initial 
velocity; moles of product per liter per min per 0.2 ml of enzyme 
solution. 





Oct 


occu 
hibit 
sam 
of b 
A 
com’ 
of tk 
pH 
tion 
of fo 
depe 
enzy 
of tv 
Fu 
conv 
This 
was | 
DP) 
and | 
drofc 
arati 
conti 
activ 
Th 
findir 
so m) 
sente 
at a 
can | 
react 
in pls 
decre 
prese 
(2) ir 
folate 
with 
of fol 
In su 
rate-] 
folate 
Ac 
only | 
berg | 
6 and 
for T 
Th 
for fc 
of the 
both : 
subst 
tainec 
activi 
were | 
amou! 
activi 
the sa 
rate o 
If two 
labilit 
The 
subst1 


ed 
n- 


the 


se. 
ny 
rer- 
ved 
sa 


ate. 
de- 
(8), 
eed 
ver- 
nay 


terin. 
‘e the 
zyme 
»f the 
nitial 
zyme 





October 1960 


occur only briefly as an intermediate. The fact that folate in- 
hibits the reduction of folate-H. competitively implies that the 
same active site on a single enzyme is involved in the reduction 
of both substrates. 

Apart from a much faster rate of reduction of folate-H. as 
compared to folate, the only difference found in the behaviour 
of the reductase toward these two substrates was with respect to 
pH optima. With folate-H: as substrate, the rate of the reac- 
tion was fastest between pH 5.2 and 5.6, whereas the reduction 
of folate was most rapid at pH 4.4 to 4.8 (1). Since pH optimum 
depends on the ionic state of the substrate as well as that of the 
enzyme, this difference does not necessarily indicate the existence 
of two enzymes. 

Futterman (2) reported that two enzymes are involved in the 
conversion of folate to folate-H, by preparations of chicken liver. 
This conclusion was based on the observation that TPNH alone 
was required for the reduction of folate, whereas either TPNH or 
DPNH could be utilized for the reduction of folate-H,.. Osborn 
and Huennekens (3) described the partial purification of ‘“dihy- 
drofolic acid reductase” from chicken liver. This enzyme prep- 
aration was unable to reduce folate when tested at pH 7. In 
contrast to the observation by Futterman (2), DPNH was in- 
active under these conditions. 

These observations, which differ from each other and from our 
findings, can be explained by the fact that folate-H: is reduced 
so much more rapidly than folate. It is evident, from data pre- 
sented in Fig. 1, that the reduction of folate-H: can proceed easily 
at a concentration of the enzyme at which no reduction of folate 
can be detected. This is especially true when the enzymatic 
reactions are carried out above pH 6. When DPNH was used 
in place of TPNH, the rate of reduction of folate-H. was greatly 
decreased, approximating the rate of reduction of folate in the 
presence of TPNH. In the experiments described by Futterman 
(2) in which the effect of DPNH and TPNH on the reduction of 
folate and folate-H» was studied, folic acid reductase was coupled 
with a tetrahydrofolic acid formylase system and the formation 
of folinic acid was used as a measure of the reductase activity. 
In such a system the formylation of folate-Hy was probably the 
rate-limiting reaction. Thus, the increased rate of reduction of 
folate-H, in the presence of TPNH would not be observed. 

A different reductase preparation which was reported to reduce 
only folate-H2 was purified from sheep liver by Peters and Green- 
berg (4). The requirement of this system for DPNH below pH 
6and TPNH above pH 6 differs from the consistent requirement 
for TPNH by the reductase of chicken liver. 

The observation that the ratio of activities of the reductase 
for folate-H» and folate remained constant during purification 
of the enzyme led to the question: “Does a single enzyme catalyze 
both reactions?”’ In studies attempting to answer this question, 
substantial evidence for the existence of a single enzyme was ob- 
tained by two different experiments in which inhibition of the 
activity by amethopterin and heat inactivation of the enzyme(s) 
were studied. With either folate or folate-H2, exactly the same 
amount of drug was required to completely inhibit the enzymatic 
activity. If two enzymes were involved, then both must have 
the same binding capacity for the inhibitor. Furthermore, the 
tate of thermal inactivation was identical with either substrate. 
If two enzymes were involved, both must have the same thermal 
lability. Such a combination of coincidences is unlikely. 

The difference in the activity of folate and dihydrofolate as 
substrates for folic acid reductase may account for the apparent 
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Fic. 6. Thermal inactivation at 45° of capacity to reduce 
folate and dihydrofolate. Sets of duplicate tubes containing 0.10 
ml of enzyme and 0.05 ml of 0.25 m citrate, pH 6, were incubated 
at 45° for 0, 10, 20, 30, and 40 minutes. The samples were then 
mixed with buffer, water, TPNH, and folate or folate-H: and 
incubated at room temperature in order to determine their ac- 
tivities. When folate was the substrate, the final composition of 
the incubation mixture was 0.1 m citrate pH 5.2, 4.36 K 10-5' mu 
folate, and 4.0 X 10-‘ m TPNH in a total volume of 0.5 ml. The 
time of incubation was 15 minutes and the velocity of the reac- 
tion was measured by determination of diazotizable amine 
(Method I). When folate-H. was the substrate, the final com- 
position of the incubation mixture was 0.1 m citrate pH 6.0, 4.36 X 
10-5 m folate-Hz, and 1.0 X 10-* TPNH in a total volume of 2.0 
ml. The reaction was followed by direct measurement of ab- 
sorbancy at 340 mu (Method III). Readings were taken at 2- 
minute intervals for 8 minutes. 











separation of the two activities previously reported (2, 3). Al- 
though the identical behaviour and similar properties of “folic 
acid reductase” and ‘‘dihydrofolic acid reductase” support the 
interpretation that both activities are attributable to a single 
enzyme, the possibility must be considered that two enzymes 
very similar to each other might be present. Thus, final proof 
must await isolation of the enzyme as a single protein and the 
study of its properties in similar experiments. Dihydrofolate 
may indeed be the natural substrate for this reductase, since 
folate appears to be an artifact formed during isolation of the 
vitamin from the heat-labile reduced derivatives native to animal 
tissues and green leaves (13). The function of the enzyme, how- 
ever, in the reduction of pteroyltriglutamate (14) (natural) and 
monoglutamate (synthetic) forms of the vitamin supports the 
suggestion that the name “folic acid reductase” be retained. 


SUMMARY 


Folic acid reductase from chicken liver reduces dihydrofolate 
at least twenty times faster than folate. The ratio of activities 
for folate and dihydrofolate remains constant during partial puri- 
fication. Reduced triphosphopyridine nucleotide is required for 
the reduction of both substrates; reduced diphosphopyridine nu- 
cleotide is much less active in this respect. Amethopterin in- 
hibits both reactions in a manner that is practically irreversible; 
the amount of antagonist just sufficient to inhibit both reactions 
completely is the same with either folate or dihydrofolate as sub- 
strate. Folate inhibits the reduction of dihydrofolate com- 
petitively. Heating inactivates the reduction of folate and 
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dihydrofolate at the same rate. Thus, both folate and dihydro- 
folate appear to be reduced by a single enzyme. 
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Pyridine Nucleotide Transhydrogenase from Spinach* 


I. PURIFICATION AND PROPERTIES 
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In 1952, Colowick et al. (1, 2) described an enzyme, pyridine 
nucleotide transhydrogenase, in Pseudomonas fluorescens which 
catalyzes the transfer of hydrogen between the oxidized and re- 
duced forms of TPN and DPN as illustrated in the following 
equation: 


TPNH + DPN = DPNH + TPN (1) 


It was shown, furthermore, that the enzyme catalyzes the inter- 
conversion of the oxidized and reduced forms of DPN (or TPN). 
This reaction was studied by a reaction involving deamino- 
*DPN! (or deamino-*TPN) according to Equations 2 and 3: 


DPNH + deamino-*DPN — deamino-*DPNH + DPN (2) 
TPNH + deamino-*TPN — deamino-*TPNH + TPN (3) 


The presence of transhydrogenase in animal tissues was re- 
ported in 1953 by Kaplan et al. (3). In a recent publication, 
Stein et al. (4) have demonstrated that the oxidation of DPNH 
or TPNH by the acetylpyridine analogues of the coenzymes, as 
given in the following equations, 


TPNH + acetylpyridine-*TPN — (4) 
acetylpyridine-*TPNH + TPN 
TPNH + acetylpyridine-*DPN — (5) 
acetylpyridine-*-DPNH + TPN 
DPNH + acetylpyridine-*DPN — 


acetylpyridine-*-DPNH + DPN © 


can be employed for the determination of transhydrogenase 
activity? in animal tissues. 

During the course of purification of the enzyme, photosyn- 
thetic pyridine nucleotide reductase, it was observed that the 
purified enzyme catalyzed the reduction of TPN, but not DPN, 
in the presence of illuminated grana; whereas, both TPN and 
DPN were reduced when a partially purified preparation of the 
enzyme was used (5, 6). The most logical explanation of this 
observation was that the reductase is specific for TPN and that 
the DPN was reduced secondarily by virtue of transhydrogenase 
which was present in the partially purified enzyme preparation 
but absent from the purified enzyme. A similar explanation has 


* Contribution No. 284 of the McCollum-Pratt Institute. This 
investigation was supported by a research grant [No. RG-4143- 
(C4)| from the National Institutes of Health, United States Public 
Health Service. 

t Fellow of The National Foundation. 

! The notation with asterisks for denoting structural analogues 
of DPN and TPN is used. The a-isomer of DPN is denoted by 
a-DPN. 

2 Stein et al. (4) have presented evidence that the transhy- 


drogenase activity in animal tissues is due to more than one en- 
zyme. 


been proposed by Arnon et al. (7) to account for their observation 
that DPN was as effective as TPN in stimulating photosynthetic 
phosphorylation provided either a large amount of chloroplast 
material or an excess of chloroplast extract was used. How- 
ever, at that time, the presence of transhydrogenase in spinach 
had not been demonstrated. 

The present paper is concerned with the isolation of a soluble 
transhydrogenase from spinach leaves. The enzyme has been 
purified and certain of its properties studied. It will be shown 
that this enzyme seems to be different from the Pseudomonas or 
animal tissue enzymes. 

A preliminary report of some of this work has been published 
(8). 


MATERIALS AND METHODS 


DPN, DPNH, and TPN were obtained from the Pabst Lab- 
oratories. TPNH was prepared by the method of Nason and 
Evans (9) using isocitric dehydrogenase. The deamino ana- 
logues of DPN and TPN were prepared by the method of Schlenk 
etal. (10). The acetylpyridine analogues of DPN and TPN were 
prepared enzymatically by an exchange reaction catalyzed by 
pig brain DPNase as described by Kaplan and Ciotti (11, 12), 
and were in part a generous gift of Dr. N. O. Kaplan. Isocitric 
dehydrogenase was prepared from pig heart as described by 
Grafflin and Ochoa (13) but was carried through only the am- 
monium sulfate fractionation. Bentonite was purchased from 
Fisher Scientific Company; Carbowax (Polyethylene Glycol 
Compound 20-M) from Union Carbide Chemicals Company. 

The protein content of the enzyme preparations was deter- 
mined either by the Folin phenol reagent method of Lowry et al. 


(14) or by the ultraviolet absorption procedure of Warburg and 
Christian (15). 


EXPERIMENTAL PROCEDURE 


Determination of Transhydrogenase Activity—Enzymatic ac- 
tivity was determined according to the procedure of Colowick 
et al. (1) when either DPN (reaction 1) or deamino-*TPN (re- 
action 3) was used as the acceptor. The reaction mixture in a 
Beckman cuvette contains 0.1 umole of TPN, 10 umoles of 
MgCl, 10 uwmoles of sodium isocitrate, an excess of isocitric 
dehydrogenase, 1 umole of DPN or deamino-*TPN, and 150 
umoles of Tris buffer, pH 8.7, in a total volume of 3 ml. The 
reaction is started by the addition of transhydrogenase after the 
reduction of the TPN is complete. The increase in optical 
density at 340 my is a direct measure of enzymatic activity. A 
unit is defined as the amount of enzyme which will produce an 
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increase in optical density of 0.01 in 3 minutes (from 20 seconds 
to 3 minutes and 20 seconds) after the addition of the enzyme. 

When acetylpyridine-*TPN (reaction 4) is used as the ac- 
ceptor, TPNH is used in substrate quantities rather than being 
generated continuously. This is necessary since the acetyl- 
pyridine-*TPN can function as a coenzyme in the isocitric de- 
hydrogenase system. In this assay, the reaction mixture con- 
tains 0.3 umole of TPNH, 0.3 umole of acetylpyridine-*TPN, 
and 150 umoles of Tris buffer, pH 8.7, in a total volume of 3 ml. 
The reaction is started by the addition of enzyme and the in- 
crease in optical density at 375 my serves as a direct measure of 
enzymatic activity (4). The rate of the reaction in this assay 
is not linear and, in fact, decreases rapidly after the first minute. 
For this reason, the rate is measured for only the first minute 
and multiplied by three so that a unit of activity can be defined 
as before. However, it should be noted that the millimolar 
extinction coefficient of DPNH or deamino-*TPNH is 6.22 at 
340 my, whereas, the difference in millimolar extinction co- 
efficients between TPNH and acetylpyridine-*TPNH is only 5.1. 

Determination of TPNH-Diaphorase Activity—TPNH-dia- 
phorase activity was measured by a modified procedure of 
Avron and Jagendorf (16) using trichloroindophenol as the elec- 
tron acceptor. The reaction mixture in a Beckman cuvette 
contains 150 uwmoles of Tris buffer, pH 9, 0.2 umole of TPN, 10 
pmoles of MgClo, 10 umoles of sodium isocitrate, excess isocitric 
dehydrogenase, and sufficient trichloroindophenol dye (about 
0.24 umole) to give an optical density of approximately 1.5 at 
620 mu. The final volume is 3 ml. The endogenous activity 
was measured for one minute before addition of the enzyme and 
this was subtracted from the decrease in optical density, meas- 
ured for one minute, following the addition of enzyme. A unit 
of enzyme is defined as that amount which produces a decrease in 
optical density of 1.0 per minute at 620 muy. 

Determination of Menadione Reductase Activity—Menadione 
reductase was determined by a modified procedure of Wosilait 
and Nason (17). The reaction mixture in a Beckman cuvette 
contains 150 umoles of Tris buffer, pH 9, 0.35 umole of TPNH, 
and 0.6 umole of menadione in a final volume of 3 ml. The 
reaction is started by the addition of enzyme and the decrease 
in optical density at 340 my is measured for 1 minute. A unit 
of enzyme is defined as that amount which causes a decrease in 
optical density of 0.001 per minute at 340 mu. 

Determination of TPNH-Cytochrome c Reductase Activity— 
TPNH-cytochrome c reductase activity was measured accord- 
ing to the method of Marré and Servettaz (18). The reaction 
mixture in a Beckman cuvette contains 0.2 umole of TPNH; 
0.3 umole of flavin mononucleotide, 0.2 umole of cytochrome c, 
and 150 umoles of Tris buffer, pH 8.7, in a final volume of 3 ml. 
After addition of the enzyme, the increase in optical density at 
550 my is measured for one minute. A unit of enzyme is defined 
as the amount which catalyzes the reduction 0.01 umole of cyto- 
chrome c in one minute. 

In all cases, specific activity is expressed as units per milligram 
of protein. 


RESULTS 
Purification of Enzyme 
The initial three steps in the purification of transhydrogenase 
are carried out exactly as described by San Pietro and Lang (5) 


for the purification of the reductase. These steps are, therefore, 
described only briefly below. 


Transhydrogenase from Spinach. I 
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Step 1. Crude Homogenate—Spinach leaves, purchased at a 
local grocery, were freed from veins* and ground in water in a 
Waring Blendor. The homogenate was filtered through cheese- 
cloth and to the dark green filtrate was added sufficient 0.5 u 
Tris-HCl buffer, pH 8, to give a final concentration of 0.05 u 
Tris. 

Step 2. Extract of Acetone Precipitate—The crude homogenate 
was fractionated with acetone; the fraction precipitated between 
35 to 75% acetone contained the activity. The precipitate was 
extracted with dilute Tris buffer, dialyzed to remove acetone and 
centrifuged, after dialysis, to remove any insoluble material. 
The resulting clear brown supernatant contained both trans- 
hydrogenase and reductase. 

Step 3. Treatment with Protamine Sulfate—The reductase is 
precipitated from the extract of acetone precipitate by the addi- 
tion of 6 to 9 mg of protamine sulfate per 100 mg of protein. The 
transhydrogenase, on the other hand, is not precipitated under 
these conditions and remains in the supernatant solution follow- 
ing centrifugation to remove the reductase. 

Step 4. Adsorption on Bentonite—Solid bentonite‘ was added 
to the enzyme solution (supernatant solution from Step 3) and 
the suspension® centrifuged at 16,000 x g. The supernatant 
fluid was discarded and the bentonite residue was washed once, 
by centrifugation, with a volume of 0.1 m Tris, pH 8.7, equal to 
the volume of enzyme used for this step. The transhydrogenase 
activity was then eluted from the washed bentonite residue, 
first with one volume, then with a half volume, of 0.1 m potassium 
phosphate, pH 8.1. 

Step 5. Concentration of Enzyme—The protein content in the 
phosphate eluates from Step 4 was quite low (about 0.3 mg of 
protein per ml). Concentration has been accomplished by first 
using the water-absorbing properties of Carbowax and then 
precipitation of the enzyme with acetone. 

Powdered Carbowax was placed in dialysis tubing and the 
dialysis tubing immersed in the dilute enzyme solution from 
Step 4. Water is absorbed by the Carbowax and a 5- to 10-fold 
concentration was accomplished in a few hours with very little 
loss in activity. After treatment with Carbowax, the protein 
concentration was sufficiently high to permit additional concen- 
tration, with good recovery, by precipitation with acetone. The 


3 Recently, spinach leaves have been used without prior removal 
of the veins. With the Waring Commercial Blendor (Model 
CB-3), there is no difficulty encountered in grinding the whole 
leaves. 

4The amount of bentonite necessary for optimal purification 
and recovery of transhydrogenase in this step varies with each 
preparation. It is best, therefore, to do a trial run of this step 
with a small volume of enzyme. In general, the ratio (weight for 
weight) of bentonite to protein used varies between 0.5 and 1. 
Under these conditions, between 40 and 65% of the enzymatic ac- 
tivity is adsorbed on the bentonite. Approximately 30 to 40% of 
the enzyme initially present in the protamine sulfate supernatant 
fluid can then be eluted from the bentonite. At higher ratios of 
bentonite to protein, more activity is adsorbed on the bentonite. 
However, there is no significant increase in the amount of enzyme 
which can be eluted from the bentonite and the specific activity 
of the bentonite eluates is decreased. This behavior of bentonite 
is not understood. 

’ The bentonite is difficult to suspend evenly. Suspension is 
best accomplished either with a TenBroeck glass homogenizer or 
a Waring Blendor depending on the volume of the enzyme solution 
used. 

6 Acetone precipitation serves also to remove any Carbowax 
that may have gotten into the enzyme solution (evidenced by 4 
higher Exo : Ex ratio than before the treatment with Carbowax). 
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enzymatic activity was precipitated at an acetone concentration 
of 75%. After solution in water, the enzyme solution was 
dialyzed against 20 volumes of distilled water, in the cold, for a 
total of 3 hours; the dialysis solution was changed at the end of 
the first and second hour of dialysis. 

A summary of the yields and purifications obtained at each 
step in the preparation of the enzyme is presented in Table I. 
The enzymatic activity was determined according to Reaction 1, 
i.e. the reduction of DPN by TPNH, except where otherwise 
stated. It can be seen that the over-all increase in specific 
activity is about 165-fold, compared to the crude homogenate. 
However, it should be noted that it is difficult to measure the 
reduction of DPN by TPNH in a crude homogenate of spinach 
for two reasons. First, this enzymatic activity is low and, 
secondly, the amount of crude extract which can be used in the 
assay is small and is limited by the high light absorption, at 340 
mu, of the crude homogenate. Onthe other hand, it is possible to 
demonstrate transhydrogenase activity in a crude homogenate 
with the deamino-*TPN assay (Reaction 3). The results ob- 
tained by this latter assay are reproducible but consistently low. 
In general, the total number of units found in the crude ho- 
mogenate is between 50 to 70%’ of that demonstrable in the 
extract of acetone precipitate (Table I). 

Further purification of the enzyme has been obtained with 
Dowex 50W (200 to 400 mesh, X2, sodium form). The dialyzed 
enzyme solution from Step 5 was placed on a Dowex 50W column. 
The column was then washed with water until most of the 
enzymatic activity was recovered. If the volume of the effluent 
and water washings were equal to the volume of the enzyme 
placed on the column, the enzymatic activity was found in water 
washings 3 to 5. By this procedure, it is possible to obtain ap- 
proximately a 2-fold purification with 70% recovery. Some of 
the fractions that have been obtained from such a column had a 
specific activity of 1300; however, the recovery was low. 


Properties of Enzyme 


Effect of Enzyme Concentration—Fig. 1 illustrates the relation- 
ship of the concentration of enzyme to the amount of DPNH 
formed. It can be seen that the test is linear for quantities of 
enzyme up to 25 units. 

Effect of Nucleotide Concentration—The rate of the reduction 
of DPN by TPNH is dependent on the concentration of both 
DPN and TPNH. In Fig. 2 is shown the effect of varying 
TPNH concentration in the presence of a constant optimal con- 
centration of DPN. The concentration of TPNH required to 
produce one-half of the maximal rate, calculated by the Line- 
weaver-Burk method, is 2.3 * 10-® . 

Fig. 3 shows the effect of varying the DPN concentration in 
the presence of a constant optimal concentration of TPNH. 
The concentration of DPN required to produce one-half of the 
maximal rate is about 1.8 x 10-?m. A concentration of 5 x 
10-* o is sufficient for maximal activity. 

In the presence of a constant optimal concentration of TPNH, 
the concentrations of the pyridine nucleotide analogues required 
for one-half of the maximal activity are 3.3 x 10-5 m for de- 
amino-*TPN, 7 X 10-5 m for acetylpyridine-*TPN, 1.5 x 10~¢ 
M for deamino-*DPN and 1.1 xX 10-* m for acetylpyridine- 
*DPN. 


’ Similar results are obtained with both the menadione reductase 
and TPNH-diaphorase; i.e. there are always more units in the 
extract of acetone precipitate than in the crude homogenate. 
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TaBLeE I 
Summary of enzyme purification 
| Tota . Per 
Fraction | vol: sectzin | Total units | Specific | cont 
covery 
| ml mg 
1. Crude homogenate*. . .|7800 |133,380 | (340,800)*| (2.6)| 100 
2. Extract of acetone | 
precipitate......... | 945 | 25,326 | 645,000 | 24.6 | 190 
3. Supernatant of pro- 
tamine  precipita- | 
ne eee Go: \1235 | 11,140 | 553,000 49.8 | 159 
4. Eluate of bentonite. ..|1819 664 | 216,500 | 326 65 
5. Concentrate of Step 4,| 68 390 | 163,900 | 420 48 








* Starting material, 10.8 kg of spinach leaves. 

’ This is a calculated value. The activity in the crude ho- 
mogenate was measured according to reaction 3 using deamino- 
*TPN. The value obtained by this assay was used to estimate 
the rate expected with DPN. 
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Fic. 1. Enzyme concentration versus rate of DPN reduction. 
The standard assay was used with varying amounts of trans- 
hydrogenase (specific activity of 543). The results are presented 
as the increase in optical density at 340 my during the first 3 
minutes after the addition of transhydrogenase. 
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Fic. 2. Effect of TPNH concentration. Each reaction mixture 
contained 18.5 wymoles of DPN, 18 units of transhydrogenase, and 
varying amounts of TPN. The other components and assay 
procedure are as indicated in the standard assay. The results 
are presented as in Fig. 1. 
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Fic. 3. Effect of DPN concentration. Each reaction mixture 
contained 18 units of transhydrogenase and varying amounts of 
DPN. The other components and assay procedure are as indi- 
cated in the standard assay. The results are presented as in 
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Fig. 4. Effect of pH on transhydrogenase and TPNH-dia- 
phorase activity. The standard assay for transhydrogenase was 
used with 18 units of transhydrogenase. 

The standard assay for TPNH-diaphorase was used. The re- 
action was initiated by the addition of 1.3 wg of purified trans- 
hydrogenase protein (specific activity of 543 for transhydro- 
genase). 

Curve I, transhydrogenase activity; Curve IJ, TPNH-diaphorase 
activity. 





Effect of pH—The rate of reduction of DPN by TPNH at 
different pH values is shown in Fig. 4, Curve I. Since the iso- 
citric dehydrogenase reaction was in excess at each pH value 
with the amount of pig heart enzyme used, the observed values 
represent the effect of pH on the rate of the transhydrogenase 
reaction. It is seen that the activity is optimal at about pH 8.8. 

The purified preparations of transhydrogenase always contain 
TPNH-diaphorase activity. For the sake of comparison, the 
effect of pH on this latter activity is shown in Fig. 4, Curve IT. 
The possible relationship between these two activities will be 
discussed in a later section. 
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Nucleotide Specificity—With TPNH as the reductant, the en- 
zyme will catalyze the reduction of DPN, deamino-*TPN, 
acetylpyridine-*TPN, deamino-*DPN, acetylpyridine-*DPN 
and the pyridine-3-aldehyde analogue of DPN. The maximal 
activity observed with each of these acceptors, in the presence 
of a constant optimal concentration of TPNH, is presented in 
Table II. It is seen that the maximal velocity for the transfer 
reaction is greater with either deamino-*TPN or acetylpyridine- 
*TPN, rather than DPN, as the acceptor; whereas, it is lower 
with either deamino-*DPN or acetylpyridine-*DPN as the ac- 
ceptor. 

A typical time-course of the oxidation of TPNH by DPN is 
shown in Fig. 5. In the presence of the complete system (Curve 
T) the rate of DPN reduction is essentially constant for about the 
first 10 minutes; after this time, the rate decreases. Curve II 
illustrates that there is a slow reduction of DPN even in the 
absence of added TPN. In view of the low concentration of 


TaBteE II 
Mazimal velocities with various acceptors 





| Maximal 








Acceptor | velocity® jmnal velocity! 
Bee. bseciadsle. «7 F . ppde white Perr eek 9.1 | 1 
GU TIEN  5. in npiacern, 64 ro oe | 108 | 12 
acetylpyridine-*TPN................ 45.6 | 5 
acetylpyridine-*DPN<............... 2.6 | 0.3 
deamino-*DPN’..................... |} 18 | 02 





¢ The maximal velocities are presented as micromoles of ac- 
ceptor reduced per milligram of protein in 3 minutes and have 
been calculated from Lineweaver-Burk plots. 

> Relative to the maximal velocity observed with DPN. 

¢ The assay procedure with these analogues is identical to the 
standard assay for the reduction of DPN described in ‘‘Experi- 
mental Procedure’’. 


1.50 





1.35 


1.O5-- 


-90F- 


yh) 


4E340 


-60-- 


a I 
eae 
a ae il 
re 
i | | | 
ie) 5 iO t, 20 #235. 40. 35 40. 43 








e 
— 





MINUTES 
Fig. 5. Time-course of oxidation of TPNH by DPN. The 
standard assay was used with 18 units of transhydrogenase. The 
results are presented as the increase in optical density at 340 mg. 
Curve I, complete system; Curve IJ, no added TPN. 
There is no change in optical density at 340 my when either DPN 
or transhydrogenase is omitted. 
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TPN used in the routine assay (which is greater than that re- 
quired for optimal activity under these conditions), it is possible 
that this slow rate may be accounted for by a very slight con- 
tamination of one (or more) of the components of the reaction 
mixture with TPN. 

In all of our studies we have used TPNH as the reductant in 
the various transfer reactions catalyzed by the enzyme. Experi- 
ments designed to demonstrate the utilization of DPNH as the 
reductant in similar transfer reactions have heretofore been un- 
successful (8). However, in these experiments, the highest con- 
centration of DPNH used was 3.3 X 10-* Mm. It is conceivable 
that this concentration was insufficient to give a measurable rate 
of reaction. Very recently, we have repeated these experiments 
using higher concentrations of DPNH (approximately 10-* m) 
and, under these conditions, it is possible to measure a slow 
utilization of DPNH. Further work is necessary to elucidate 
the conditions required for the utilization of DPNH as well as 
which transfer reactions will proceed with DPNH as the re- 
ductant. 

Effect of Inhibitors—(a) Adenylic acid. In view of the known 
stimulatory effect of 2’-adenylic acid on the transhydrogenase of 
Pseudomonas, in the presence of phosphate (19), it was of interest 
to examine the effect of the various adenylic acids on the spinach 
enzyme. Contrary to the observations with the bacterial en- 
zyme, 2’-adenylic acid inhibited the spinach enzyme (Table III). 
In addition, a similar but somewhat lower inhibition of the 
spinach enzyme was also observed with both the 3’- and 5’- 
adenylic acids. These latter two adenylic acids were without 
effect on the bacterial enzyme (19). 

It should be noted that the animal tissue transhydrogenases 
are unaffected by 2’-adenylic acid (3). This finding is in con- 
trast to the observations with either the bacterial or spinach 
enzymes. 

The inhibitory effect of 2’-adenylic acid on the oxidation of 
TPNH by DPN, catalyzed by the spinach enzyme, can be over- 
come by additional DPN. The results of these experiments, 
with two concentrations of 2’-adenylic acid, are shown in Fig. 6. 
It is seen from this Lineweaver-Burk plot that the inhibition by 
2’'-adenylic acid, in this system, is of the competitive type with 
respect to DPN. In order to obtain confirmatory evidence for 
this observation, the converse type of experiment, to that shown 
in Fig. 6, was carried out. In these experiments, the concentra- 
tion of DPN was maintained constant at several different con- 
centrations and the concentration of 2’-adenylic acid was varied. 
The results of these experiments were in complete agreement 
with the observation, indicated above, that the inhibition by 2’- 
adenyliec acid is of the competitive type with respect to DPN. 

The effect of 2’-adenylic acid on the transfer reaction between 
TPNH and acetylpyridine-*TPN was also investigated. It can 
be seen (Table III) that the concentration of 2’-adenylic acid 
required for 50% inhibition of this transfer reaction is 6.7 « 10-* 
M; whereas, with DPN as the oxidant, approximately one-fourth 
this concentration of 2’-adenylic acid gave essentially the same 
degree of inhibition. 

(b) Other reagents. Ball and Cooper (20) and Stein et al. (4) 
have recently reported that thyroxine inhibits the TPNH-DPN 
transhydrogenase activity in animal tissues (when assayed by 
Reaction 5). Stein et al. (4) reported that thyroxine, at a con- 
centration of 3.7 X 10-5 m, caused a 33% inhibition of the 
transfer reaction between TPNH and acetylpyridine-*DPN 
catalyzed by the beef heart mitochondrial transhydrogenase. 
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TaBue III 
Effect of various compounds on transhydrogenase 
The standard assay procedures were used. Each reaction 
mixture contained 18 units of transhydrogenase when DPN was 


used as the oxidant and only 2 units of transhydrogenase when 
acetylpyridine-*TPN was the oxidant. 

















| TPNH + DPN TPNH +p 
Compound | 
Per cent Per cent 
Concentration inhi- Concentration inhi- 
bition bition 
2’-adenylic acid....| 1.7 X 10-*m | 43 | 6.7 X 10°*m 50 
3’-adenylic acid....| 3.3 KX 10-3 m 37 
5’-adenylic acid....| 3.3 X 10-?m | 27 
Bae. PRT? 22 3.3 X 10-3 48 
Pi ACA 3.3 X 10°? 22 
erie 1X 10° 33 
: 2 2, ee 5X 10-'m 33 
Thyroxine......... 3.3X 10'm | 34 |6.7X 105m | 38 
p-CMBs........... 1X10-?*m | 40 
We clare. 1X 10-*m 45 











* p-Chloromercuribenzoate purchased from Sigma Chemical 
Company. Recently, they have indicated that this material was 
probably the p-hydroxy compound. 
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Fic. 6. Competitive inhibition of DPN by 2’-adenylic acid as 
demonstrated by the Lineweaver-Burk plot. The standard assay 
was used with 18 units of transhydrogenase and varying concen- 
trations of DPN. The lowest curve is a control without inhibitor. 


We have found that essentially this same concentration of 
thyroxine inhibits the spinach transhydrogenase to about the 
same extent using the oxidation of TPNH by DPN as the assay 
system (Table III). Using the oxidation of TPNH by acetyl- 
pyridine-*TPN as the assay system, a somewhat higher concen- 
tration of thyroxine is required to inhibit the spinach trans- 
hydrogenase to the same extent. 

The finding that TPN inhibits the transfer reaction between 
TPNH and acetylpyridine-*TPN is consistent with the data 
presented earlier for both the maximal velocities of the various 
transfer reactions (Table IT) and the concentrations of the various 
nucleotides required for one-half of these maximal velocities (see 
“Discussion”’). 

The inhibition by the a-DPN (Table III) has been shown to 
be of the competitive type with respect to DPN. 

The inhibitory effect of p-chloromercuribenzoate is rather 
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Fic. 7. Absorption spectrum of the purified enzyme. The 


transhydrogenase preparation had a specific activity of 712 and 
contained 3.5 mg of protein per ml. 




















TABLE IV 
Purification of other enzymatic activities 
Fraction 
Enzymatic activity Homo-| Extract of | Concentrate of 
gen- acetone bentonite D — Ww 
ate* | precipitate eluates . 
Transhydrogenase 
Specific activity 2.6°| 26 346 708 
Purification 10(1) 133 (13.3) 272 (27.2) 
Diaphorase 
Specific activity 1.5 | 25 189 254 
Purification 16.7(1) 126 (7.6) 170(10.2) 
Menadione reductase 
Specific activity 305 |2750 24,400 36, 400 
Purification 9(1) 80(8.9) 119(13.2) 














* The specific activity in the homogenate varies from prepara- 
tion to preparation. It is perhaps more meaningful, therefore, 
to set the extract of acetone precipitate at unit specific activity 
in each case and to use this fraction as the basis for calculating 
the further purification achieved. The numbers in parentheses 
have been calculated in this manner. 

> This value was obtained as indicated in footnote b to Table I. 


difficult to evaluate in view of the high concentration of the 
mercurial required to demonstrate an inhibition of 40%. Weber 
and Kaplan (21) have reported previously that the transfer 
reaction between TPNH and acetylpyridine-*TPN, catalyzed 
by the TPNH-diaphorase of spinach, is inhibited by p-chloro- 
mercuribenzoate. 

Although not indicated in Table III, the effect of a variety of 
other compounds on the transfer reaction between TPNH and 
DPN or acetylpyridine-*TPN was also tested. These include 
cyanide at a concentration of 10-* m; azide, 2 X 10-* ; fluoride, 
5 X 10-? m; Versene (disodium salt of ethyl diaminetetraacetic 
acid); 3 X 10-* M; magnesium chloride, 3.3 < 10-* M; copper 
sulfate, 3 X 10-* M; nicotinamide, 2 X 10-* M; estradiol-178, 
3.3 X 10-' M; atabrine, 5 X 10-‘ m and quinine, 5 X 10-* mM. 
At these concentrations, each of the reagents was without effect. 

Manganese, at a concentration of 10-* m, stimulated slightly. 

Presence of FAD in Partially Purified Enzyme—An analysis of 
the partially purified enzyme (specific activity of 543) for FAD 
content by the method of DeLuca et al. (22) was carried out. 
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The results of these measurements indicated the FAD content 
to be 8.5 X 10-* umoles per mg of protein’ In addition, the 
absorption spectrum of a more purified enzyme preparation, 
presented in Fig. 7, is typical of a flavin absorption spectrum. 
The relationship, if any exists, between the FAD present in the 
enzyme preparation and the transhydrogenase activity remains 
to be elucidated. 

Other Enzymatic Activities Present in Partially Purified 
Enzyme—The partially purified transhydrogenase preparations 
contain a number of other enzymatic activities. These include 
TPNH-diaphorase, TPNH-menadione reductase, and a flavin or 
menadione mediated TPNH-cytochrome c reductase. As indi- 
cated in Table IV, the first two of these enzymes seem to have 
been purified together with the transhydrogenase. Each step in 
the purification procedure yields a purification of these other ac- 
tivities although the degree of. purification, in each case, is less 
than that achieved for the transhydrogenase. 

It is difficult to decide, on the basis of these data, whether each 
of these activities is associated with a single enzyme or different 
enzymes. The major problem in attempting to answer this ques- 
tion is the finding that there are always more units of each en- 
zyme in the extract of acetone precipitate than in the crude ho- 
mogenate.? That is, in each case, there is always more than 
100% recovery of enzyme in the extract of acetone precipitate. 
This finding implies that the purifications shown in Table IV are 
probably higher than the actual purifications achieved for each 
of these enzymatic activities. To a first approximation, the in- 
crease in total units observed in the extract of acetone precipitate, 
in each case, could be a reflection of the correction to be applied 
to the purification of each of the enzymatic activities. 

It is our feeling, at present, that the transhydrogenase de- 
scribed herein is similar to, and possibly identical with, the 
TPNH-diaphorase purified by Avron and Jagendorf (16) al- 
though the two enzymes were purified by different procedures 
and different enzymatic activities were measured (see “Discus- 
sion”). 

Stability of Enzyme—The partially purified enzyme (specific 
activity of 517) is stable when stored at —15° for at least one 
month. There is no loss in activity when the enzyme is left 
overnight at room temperature. At least 90% of the activity 
is retained after keeping the enzyme at 55° for 2.5 minutes. The 
enzyme may be brought to pH 4 and kept at this pH for 15 min- 
utes with essentially no loss in activity. However, after 4 hours 
at this pH, the enzyme had lost 45% of its activity. 

Distribution of Enzyme—The enzyme has been found in plants 
other than spinach. These include pea leaves, turnip greens, 
parsley, and watercress. It has also been found in Fuglena 
gracilis. 

DISCUSSION 


The purpose of the present study was to provide evidence that 
the reduction of DPN, in the presence of illuminated grana, re- 
quires both reductase and transhydrogenase, whereas the reduc- 
tion of TPN requires only reductase. In addition, it was of 


8 By assuming 1 mole of flavin per mole of enzyme, it is possible 
to calculate a molecular weight of approximately 118,000 for the 
enzyme. However, preliminary measurements of the molecular 
weight of the enzyme in the Spinco Ultracentrifuge gave a value 
of about 36,000. Thus it would seem that this preparation (spe- 
cific activity of 543) is about 30% pure and that the specific ac- 
tivity of the pure enzyme would be close to 1700. To date, the 
highest specific activity we have attained is 1300. 
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interest to elucidate the properties of the plant transhydrogenase 
for the purpose of comparison with the animal and bacterial 
enzymes. 

In our initial publication describing the partial purification 
of reductase from spinach (5), we reported that the partially 
purified enzyme catalyzed the reduction of both TPN and DPN 
by illuminated grana. In these studies, the initial rate of reduc- 
tion of DPN was only about 70% of the rate observed with TPN. 
However, the results of recent experiments with more highly 
purified reductase indicated that this enzyme is specific for TPN 
(6). 

One of the hypotheses advanced to explain the apparent lack 
of specificity for either TPN or DPN, exhibited by the partially 
purified reductase, required the presence of transhydrogenase in 
the partially purified enzyme (5). However, at that time, the 
presence of transhydrogenase in plants had not been demon- 
strated. 

With the use of the purified transhydrogenase described herein, 
it is possible to demonstrate clearly that the photochemical re- 
duction of DPN requires both reductase and transhydrogenase. 
The results of a typical experiment, carried out in the presence 
of grana,® are shown in Table V. It is seen that the purified 
reductase catalyzes the reduction of TPN but not DPN (Experi- 
ment 1). Neither nucleotide is reduced when the reaction mix- 
ture contains only transhydrogenase (Experiment 2). When 
both enzymes are present (Experiment 3), the formation of re- 
duced DPN is observed. The most logical explanation of this 
observation is that the reductase is specific for TPN and that 
DPN is reduced secondarily by virtue of transhydrogenase. 

It should be noted that the presence of transhydrogenase, in 
addition to the reductase, results in an increased rate of reduction 
of TPN (Table V, compare 0.33 and 0.59). A similar stimula- 
tion by transhydrogenase was also observed in our earlier experi- 
ments. 

The transhydrogenase described herein may be regarded as a 
TPN specific enzyme. This postulation is supported by the data 
presented in Tables II and III and the results, presented earlier, 
concerning the concentrations of the various acceptors tested 
required for one-half maximal activity in the presence of a con- 
stant optimal concentration of TPNH. It has been shown 
(Table III) that 2’-adenylic acid is more inhibitory when DPN 
is the acceptor, compared to acetylpyridine-*TPN, even though 
the concentration of DPN used was 3.3 times the concentration 
of acetylpyridine-*TPN. These data suggest that the affinity 
of the acetylpyridine-*TPN for the enzyme is considerably 
greater than that of DPN and this has been shown to be the 
case. The difference in the affinities of deamino-*TPN and 
DPN for the enzyme is even more marked. 

The results of the experiments with 2’-adenylic acid (Fig. 6) 
may be taken as further suggestive evidence that the trans- 
hydrogenase is a TPN specific enzyme. It has been shown (Fig. 
6) that the inhibition by 2’-adenylic acid is of the competitive 
type with respect to DPN. This observation is expected if the 
transhydrogenase is a TPN specific enzyme since it has been 


* It is possible to obtain similar results when chloroplasts are 
used in place of grana provided the DPN concentration is about 
3to4  X 10-*m. In our preliminary report (8), we stated that it 
was not possible to demonstrate the reduction of DPN in the 
presence of chloroplasts with either the partially purified reduc- 
tase or the reconstituted system (e.g. Table V, Experiment 3). 
However, in these earlier experiments, the concentration of DPN 
used was only 1.7 X 107 M. 


D. L. Keister, A. San Pietro, and F, E. Stolzenbach 


TaBLEe V 
Reduction of TPN and DPN by illuminated grana 


Each reaction mixture contained grana (8) equivalent to 70 ug 
of chlorophyll, 0.5 umole of pyridine nucleotide, 300 wmoles of 
Tris buffer, pH 7.5, and the additions indicated below in a final 
volume of 3ml. The optical density at 340 my is measured against 
a blank which contains buffer, nucleotide, and grana before and 
after illumination for 5 minutes. The data are presented as the 
increase in optical density at 340 my observed upon illumination 
and are corrected for the slow endogenous reduction of pyridine 
nucleotide by grana alone since both the blank and reaction mix- 
tures are illuminated. 











: AEs4o per 5 minutes 
= Additions 
TPN DPN 
1 Purified reductase, 1 unit 0.33 0.02 
2 Transhydrogenase, 16 units 0 0 
3 As in Experiments 1 and 2 0.59 0.22 











demonstrated previously by Neufeld et al. (23) that 2’-adenylic 
acid can act as a competitive inhibitor of TPN linked systems. 
In one of a number of experiments reported by these authors, 
they demonstrated that 2’-adenylic acid will inhibit the reduc- 
tion of DPN catalyzed by the phosphogluconic dehydrogenase 
of yeast which is primarily a TPN enzyme. They did 
not demonstrate that the inhibition of DPN reduction by the 
2’-adenylic acid, in this system, was of the competitive type but 
it is reasonable to suppose that this would be the case. 

The isolation of transhydrogenase from spinach illustrates the 
ubiquity of this type of enzyme since transhydrogenases have 
been isolated previously from animal and bacterial sources (1-3). 
It is beyond the scope of this paper to discuss in detail the prop- 
erties of the various transhydrogenases. However, a brief dis- 
cussion of certain of these properties may well serve as a useful 
comparison of the various transhydrogenases. 

With regard to nucleotide specificity, the enzyme from Pseu- 
domonas catalyzes the reduction of nicotinamide mononucleotide 
using either TPNH or DPNH as the hydrogen donor (19). How- 
ever, the acetylpyridine analogues of DPN and TPN will not 
act as acceptors in this system (4). On the other hand, neither 
the animal nor the spinach transhydrogenase can use nicotin- 
amide mononucleotide as the oxidant with either TPNH or 
DPNH. In the latter systems, the acetylpyridine analogues of 
DPN and TPN are reduced although the rate of reduction of 
these analogues may be quite different in each system (e.g. see 
Table II). Furthermore, the reaction between TPNH and de- 
amino-*TPN is not promoted by the beef heart transhydrogenase 
(3), whereas it occurs readily with the spinach transhydrogenase 
(Table II). 

The transhydrogenases from different sources are affected quite 
differently by 2’-adenylic acid. The 2’-adenylic acid has no ef- 
fect on the reaction between TPNH and DPN (Reaction 1) 
catalyzed by the beef heart enzyme. With the Pseudomonas 
enzyme, 2’-adenylic acid promotes the completeness of the oxi- 
dation of TPNH by DPN (Reaction 1) in the presence of phos- 
phate. Furthermore, 2’-adenylic acid induces a ready reversal 
of Reaction 1, in the presence of phosphate, with the transhy- 
drogenase from Pseudomonas. In contrast, the oxidation of 
TPNH by DPN catalyzed by the spinach enzyme is inhibited 
by the presence of 2’-adenylic acid. 
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A last point of comparison concerns the reversibility of Re- 
action 1. This reaction is completely reversible with the beef 
heart enzyme, and the equilibrium constant has been shown to 
be close to unity (3). As indicated above for the Pseudomonas 
enzyme, 2’-adenylic acid induces a ready reversal of reaction 1 
in the presence of phosphate. In the absence of 2’-adenylic 
acid, Reaction 1 is reversible only to a very slight extent with 
transhydrogenase from Pseudomonas. On the other hand, it is 
very difficult to demonstrate the oxidation of DPNH by any of 
the acceptors tested in the presence of the spinach transhydrogen- 
ase. Recently, it has been possible to demonstrate that the 
spinach enzyme catalyzes a slow reduction of acetylpyridine- 
*TPN by DPNH when the DPNH concentration is maintained 
at a level of about 10-? m. Even at this high concentration of 
DPNH, there is no measurable reduction of TPN, acetylpyri- 
dine-*DPN or deamino-*TPN. 

The question of the possible relationship of the TPNH-diaphor- 
ase and transhydrogenase activities present in our purified prep- 
arations is difficult to answer. Weber and Kaplan (21) have 
demonstrated that the spinach TPNH-diaphorase, isolated by 
Avron and Jagendorf (16), catalyzes the reduction of acetylpy- 
ridine-*TPN when TPNH was used as the electron donor. Fur- 
thermore, DPNH could not substitute for TPNH as the electron 
donor nor could acetylpyridine-*DPN substitute for acetylpy- 
ridine-*TPN as the electron acceptor. These findings are con- 
sistent with those reported herein for the spinach transhydrogen- 
ase. 
In addition to the spinach TPNH-diaphorase, Weber and 
Kaplan (21) showed that a number of other flavin adenine di- 
nucleotide (FAD) enzymes can catalyze a transfer of hydrogen 
or electrons from the naturally occurring coenzymes to the re- 
spective acetylpyridine analogues. With two of these enzymes, 
namely, TPNH cytochrome c reductase and TPNH nitrate 
reductase, the effect of the removal of FAD on the reductase 
and transfer activities was investigated. It was observed that 
the subsequent addition of FAD did not appreciably increase 
the transfer reaction from TPNH to acetylpyridine-*TPN, but 
did increase markedly the reductase activity. 

In view of this data, it is tempting to speculate that the spinach 
TPNH-diaphorase isolated by Avron and Jagendorf (16) and the 
transhydrogenase we have isolated contain the same protein 
moiety. The presence of FAD will be required for the disphorase 
activity but not for the transhydrogenase activity. To date, 
all attempts to remove the FAD from the purified transhydrogen- 
ase preparation, without a concomitant loss of the transhydrogen- 
ase activity, have been unsuccessful. 


SUMMARY 


1. The isolation and purification of a soluble transhydrogenase 
from spinach leaves is described. 

2. The enzyme promotes the reaction between reduced tri- 
phosphopyridine nucleotide (TPNH) and deamino-*TPN at a 
much faster rate than with diphosphopyridine nucleotide (DPN). 
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3. The enzyme can use TPNH as the hydrogen donor but not 
DPNH except at very high concentrations of DPNH and then 
only at a very slow rate with acetylpyridine-*TPN as the oxidant. 

4. The pH optimum for the transfer reaction between TPNH 
and DPN is about 8.8. 

5. The concentration of oxidant required for one-half maximal 
activity has been determined for DPN, acetylpyridine-*TPN, 
acetylpyridine-*DPN, deamino-*TPN and deamino-*DPN. 

6. The partially purified transhydrogenase preparations con- 
tain a number of other enzymatic activities. These include 
TPNH-diaphorase, TPNH-menadione reductase and a flavin or 
menadione mediated TPNH-cytochrome c reductase. 

7. A possible relationship between the spinach TPN H-diaphor- 
ase and transhydrogenase is discussed. 


REFERENCES 


1. CoLowick, 8. P., Kapitan, N.O., NEUFELD, E. F., anp Crortt, 
M. M., J. Biol. Chem., 195, 95 (1952). 

2. Kapitan, N. O., Cotowick, 8. P., anp NEuFELD, E. F., J. 
Biol. Chem., 195, 107 (1952). 

3. Kapitan, N. O., Cotowick, S. P., anp NEUFELD, E. F., J. 
Biol. Chem., 205, 1 (1953). 

4. Srein, A. M., Kapian, N. O., anp Ciorti, M. M., J. Biol. 
Chem., 234, 979 (1959). 

5. San Pietro, A., anp Lane, H. M., J. Biol. Chem., 231, 211 
(1958). 

6. San Pierro, A., in The photochemical apparatus, Brookhaven 
Symposia in Biology, No. 11, p. 262 (1958). 

7. Arnon, D. I., WHatitey, F. R., anp ALLEN, M. B., Nature 
(London), 180, 182 (1957). 

8. Keister, D. L., anp San Pierro, A., Biochem. Biophys. Re- 
search Comm., 1, 110 (1959). 

9. Nason, A., AND Evans, H. J., J. Biol. Chem., 202, 655 (1953). 

10. ScHLENK, F., HELLsTROM, H. AND von Euter, H., Ber. Chem. 
Ges., 71, 1471 (1938). 

11. Kapian, N. O., anp Crorti, M. M., J. Am. Chem. Soc., 76, 


1713 (1954). 

12. Kapian, N. O., anp Ciorti, M. M., J. Biol. Chem., 221, 823 
(1956). 

13. GraFrF.in, A. L., AND OcHoa, 8., Biochim. et Biophys. Acta, 4, 
205 (1950). 


14. Lowry, O. H., Rosesprovau, N. J., Farr, A. L., anp RANDALL, 
R. J., J. Biol. Chem., 198, 265 (1951). 

15. WarBurG, O., AND CHrisTIAN, W., Biochem. Z., 310, 384 
(1941-1942). 

16. Avron, M., AND JAGENDORF, A. T., Arch. Biochem. Biophys., 
65, 475 (1956). 

17. Wositait, W. D., anp Nason, A., J. Biol. Chem., 206, 255 
(1954). 

18. Marre, E., anp Servetraz, O., Arch. Biochem. Biophys., 75, 
309 (1958). 

19. Karan, N. O., Cotowick, 8. P., NEUFELD, E. F., anp Crorti, 
M. M., J. Biol. Chem., 206, 17 (1953). 

20. Bauu, E. G., anp Cooper, O., Proc. Natl. Acad. Sci. U. S., 48, 
357 (1957). 

21. Weser, M. M., anv Kaptan, N. O., J. Biol. Chem., 225, 909 
(1957). 

22. DeLuca, C., Weser, M. M., anp Kaptan, N. O., J. Biol. 
Chem., 228, 559 (1956). 

23. NEuUFELD, E. F., Kapian, N. O., anp Cotowick, S. P., Bio- 
chim. et Biophys. Acta, 17, 525 (1955). 





TI 
biolo 
ous 
amm 
hydr 
revie 
the | 
fung 
tion 
trite, 
sevel 
com] 
enzy 
muta 
nitrit 
Spen 
may 
wher 
amm 
reduc 
their 
revie 
Spen 

TI 
prop 
from 
and | 
tion 
activ 
evide 
Preli: 
read} 
the } 
drox) 
phop 
tide 
tenta 
drox: 

Of 
of ar 
denti 


= 
inves 
Nati: 
from 
tI 
Medi 


not 
hen 
nt. 
NH 


mal 


PN, 


-On- 
ude 
nh or 


hor- 


TTT, 


| 


Biol. 
| 211 
aven 
1ture 
. Re- 


953). 
hem. 


> 
, 823 
ta, 4, 
YALL, 
, 384 
yhys., 
}» 255 
., 75, 


OTTI, 


5, 909 
Biol. 


, Bio- 





Tue JOURNAL OF BioLoGcicaL CHEMISTRY 
Vol. 235, No. 10, October 1960 
Printed in U.S.A. 


Pyridine Nucleotide-Nitrite and -Hydroxylamine 
Enzymes from Soybean Leaves* 


Gerassimos G. Roussost AND ALVIN NASON 


From The McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, Maryland 


(Received for publication, April 4, 1960) 


The role of nitrite and hydroxylamine as intermediates in the 
biological reduction of nitrate was originally suggested by vari- 
ous independent observations that different organisms form 
ammonia from these compounds in vivo, and that nitrite and 
hydroxylamine can be detected in nutrient media and cells (see 
review by Virtanen and Rautanen (1)). In further support is 
the characterization of a number of enzymes from bacteria, 
fungi, and higher plants which together can catalyze the reduc- 
tion of nitrate to ammonia by way of nitrite, possibly hyponi- 
trite, and hydroxylamine, consecutively. On the other hand, 
several investigations describing the reduction of organo-nitro 
compounds and their derivatives by intact cells and purified 
enzyme preparations, as well as experiments with Neurospora 
mutants blocked at different genetically controlled steps in 
nitrite utilization, have led de la Haba (2) and McElroy and 
Spencer (3) to postulate the possibility that nitrate assimilation 
may proceed, at least partly, by way of an organic pathway 
whereby an inorganic reduction product of nitrate other than 
ammonia is introduced into organic compounds and further 
reduced. The properties of these diverse enzyme systems and 
their possible role in inorganic nitrogen metabolism have been 
reviewed by Verhoeven (4), Taniguchi et al. (5), McElroy and 
Spencer (3), and more recently by Nason and Takahashi (6). 

The present report is concerned with the purification and 
properties of two apparently different soluble enzyme systems 
from soybean leaves which require substrate quantities of nitrite 
and hydroxylamine, respectively, in order to catalyze the oxida- 
tion of reduced pyridine nucleotides. Although these two 
activities have not been separated by fractionation procedures, 
evidence is presented suggesting that they are separate entities. 
Preliminary notes concerning these enzyme activities have al- 
ready appeared from this laboratory (7, 8). Since neither of 
the presumed reduction products arising from nitrite and hy- 
droxylamine during the enzymatic oxidation of reduced diphos- 
phopyridine nucleotide or reduced triphosphopyridine nucleo- 
tide have been definitely identified, the enzymatic systems are 
tentatively designated as “pyridine nucleotide-nitrite and -hy- 
droxylamine enzymes.” 

Of particular interest in the present studies is the observation 
of an absolute requirement by the purified enzymes for an uni- 
dentified, dissociable, heat-stable, organic factor obtained from 


* Contribution No. 281 of the McCollum-Pratt Institute. This 
investigation was supported in part by a research grant from the 
National Science Foundation and by a research grant (No. G-2332) 
from The United States Public Health Service. 

+ Present address, Department of Biochemistry, School of 
Medicine, Stanford University, Stanford, California. 


soybean leaf extracts. The purification and some of the prop- 
erties of this factor are also described. 


EXPERIMENTAL PROCEDURE 


Source of Enzyme—The crude enzyme extract used in the 
purification procedure was obtained from freshly depetiolated, 
healthy, secondary leaves of 30- to 95-day-old soybean plants 
(Glycine max, variety Mammoth Yellow, raised from seeds sup- 
plied by the Meyer Seed Company) grown in wooden flats 
(2 X 1.8 ft) filled with sand. Each flat was supplied once every 
third day with approximately 1 liter of nutrient solution con- 
taining 0.005 m Ca(NOs)2, 0.0005 m KH2PO,, 0.002 m MgSO,, 
0.0025 m K.SO,, 0.0005% (weight per volume) ferric tartrate, 
0.02 p.p.m. of Cu as CuSO,, 0.015 p.p.m. of Mo as NazMoQ,, 
and 0.25 p.p.m. of B, Mn, and Zn as H3BO3, MnSOQ,, and ZnSO,, 
respectively. Solutions were prepared with tap water (pH 8.2) 
and adjusted to pH 5.8 to 6.0 with concentrated “Baker,” ana- 
lytical reagent HNOs, (0.10 ml of HNO; per 4 liters of nutrient 
solution). Flats also were supplied daily with approximately 1 
liter of tap water. 

Crude, cell-free extracts were prepared by grinding one weight 
(e.g. 40 g) of fresh, secondary leaves (previously rinsed twice 
with distilled water) with three weights (e.g. 120 ml) of cold 
0.05 m K:HPO, solution (pH 7.7, approximately), containing 
reduced glutathione and sodium versenate in final concentra- 
tions of 10-* m and 10-‘ M, respectively, in a Waring Blendor 
(at full speed) for 2 to 3 minutes at 0-4°. The homogenate was 
strained through two layers of cheesecloth and then centrifuged 
at 4000 x g for 10 minutes at 0-4°. The resulting green, cell- 
free supernatant solution (Fraction I) was used for purification 
and contained 100% of both the nitrite and the hydroxylamine 
enzyme activities as compared to the whole homogenate. 

Cofactors, Substrates, and Other Substances—DPN (approxi- 
mately 95% pure), DPNH (90 to 95% pure), and TPN (approxi- 
mately 100% pure) were obtained from the Pabst Laboratories. 
TPNH was prepared enzymatically by use of the pig heart iso- 
citric dehydrogenase and isocitrate (9), as well as chemically 
by reduction with hydrosulfite (10). FAD (80% pure) and 
flavin mononucleotide (approximately 100% pure) were ob- 
tained from the Sigma Chemical Company. A boiled pig heart 
extract was prepared from acetone-dried pig heart according 
to the method of Zucker and Nason (11). Solutions of NH,OH- 
HCl (‘“Baker,” analytical reagent) were prepared daily from a 
0.4 m stock solution, which was kept at 0-4° and showed no 
signs of decomposition or any trace of nitrite after long storage. 
Solutions of NaNOz were prepared weekly and stored at 0—4° 
in plastic bottles. The pHs of sodium pyrophosphate solutions 
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were adjusted with concentrated HCl (“Baker,” analytical 
reagent). DEAE-Cellulose of various drainage and capacity 
(approximately 1.0 meq per g) properties was purchased from 
Brown Company. Alumina gel Cy was prepared according to 
the directions given by Bauer (12), and was also obtained from 
the Sigma Chemical Company. A stock suspension of twice 
crystallized yeast ADH! in 0.6 m saturated (NH,)SO., 3% so- 
dium pyrophosphate and 1% glycine (approximately 30 mg of 
enzyme per ml) was obtained from Worthington Biochemical 
Corporation. Phosphate buffers of a given molarity were pre- 
pared by adjusting K2:HPO, solutions of the same molarity to 
the required pH value with 85% H3POx,. 

Preparation of Crude ‘“‘Heat-stable Factor”—A crude prepara- 
tion of a heat-stable factor required for enzymatic activity was 
made by diluting the crude enzyme extract (Fraction I) with 
0.1 m, pH 7.0, sodium pyrophosphate solution to a final concen- 
tration of 1 ml of Fraction I per 10 ml of solution and heating the 
latter in a boiling water bath for 20 minutes; the resultant green 
precipitate was discarded by filtration through Whatman No. 1 
filter paper, and the faintly yellow filtrate, referred to as “heat- 
stable factor,” was stored at —20°. The iatter preparation is 
very stable, losing no activity upon storage at either 0—4° or 
—20° over a period of months, or at room temperature for at 
least 1 day. In the standard spectrophotometric assay of en- 
zyme activity described below, 1.20 ml of the above crude, 
heat-stable factor preparation per 3.00 ml of reaction mixture 
gave maximal enzyme activity. 

Hydroxylamine, Nitrite, and Ammonia Determinations—Hy- 
droxylamine was determined according to Caéky’s modification 
(13) of the Blom procedure, in which hydroxylamine was oxi- 
dized to nitrite by iodine and the nitrite determined colorimetri- 
cally by the diazo-coupling procedure. To an aliquot of the 
reaction mixture containing 0.02 to 0.30 umole of NH.OH were 
added 1 ml of 1% (weight per volume) sulfanilic acid (in a solu- 
tion consisting of 1 volume of concentrated HCl, ‘‘Baker,” ana- 
lytical reagent, and 4 volumes of distilled H.O) and 0.50 ml of 
1.3% (weight per volume) iodine solution (in glacial acetic acid) 
to stop the enzymatic reaction. After 10 minutes, the excess 
I, was destroyed by the addition of 1 ml of 2% (weight per 
volume) sodium arsenite. Aqueous 0.02% (weight per volume) 
N-(1-naphthyl)-ethylenediamine dihydrochloride, 0.50 ml, was 
added and the reaction mixture diluted to 5 ml with distilled 
water. After } hour the optical density at 520 my was meas- 
ured with a Bausch and Lomb “Spectronic 20” colorimeter- 
spectrophotometer. Under the above conditions, 100 mumoles 
of NH.OH gave an optical density 520 my reading of 0.100, 
and results were linear to 300 mumoles of NH:.OH. 

Nitrite was determined essentially as described by Spencer 
et al. (14), except that the residual DPNH, which is known to 
interfere in the diazotization of nitrite, was removed from the 
reaction mixture aliquot before the determination by a barium 
acetate-alcohol treatment as proposed by Medina and Nicholas 
(15). 

Ammonia was determined essentially as described by Zucker 
and Nason (11), namely, by the Conway (16) microdiffusion 
technique in conjunction with the phenol-hypochlorite test for 
ammonia, as modified by Russell (17); alternatively, the am- 
monia in the center well of the Conway dish was assayed with 
Jackson’s modification of Nessler’s reagent (18). 


1The abbreviation used is: ADH, alcohol dehydrogenase. 
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Standard Assay of Nitrite Enzyme and Hydroxylamine Enzyme 
Activities—Enzyme activity was determined spectrophotometri- 
cally by following the decrease in optical density at 340 my upon 
oxidation of DPNH. All measurements were made with a 
Beckman model DU spectrophotometer with cuvettes having a 
light path of 1 em. The reaction was started by addition of 
0.30 ml of either 1 X 10-?m NaNO: or 1 X 10-* m NH.OH-HC] 
to a cuvette containing 1.20 ml of crude, heat-stable factor, 
0.03 ml of 0.01 mM MnCl, 0.30 ml of approximately 2.1 K 10-? mw 
(2 mg per ml) DPNH, 0.20 ml of enzyme solution, and 0.1 , 
pH 7.0, sodium pyrophosphate buffer to give a total volume of 
3.00 ml. In order to determine the endogenous rate of DPNH 
oxidation, the change in extinction at 340 my was measured 
simultaneously for a control reaction mixture which had the 
same composition as above, except that substrate, i.e. NaNO, 
or NH,OH-HCl, had been omitted. One minute after the 
addition of NaNO. or NH,OH-HCl, measurements of the change 
in optical density were begun and continued at 30-, 60-, or 120- 
second intervals, depending on the rate of decrease in extinction, 
for 2 to 10 minutes. A unit of nitrite enzyme or hydroxylamine 
enzyme is defined as that amount of enzyme which causes a 
rate of change in extinction (—AAso) of 0.001 per minute cal- 
culated from the linear portion of the curve relating —AAsy 
with reaction time, and corrected for the endogenous rate of 
DPNH oxidation. Enzyme activity was in most cases directly 
proportional to the reaction time for at least the first 10 minutes; 
and ratios of endogenous activity to nitrite or hydroxylamine 
enzyme activity varying from 0.08 to 1.00 were observed for 
several highly purified enzyme fractions. There is little or no 
oxidation of DPNH in the absence of enzyme under the above 
conditions of assay. Specific activity is expressed as units per 
milligram of protein. Protein was determined by the method 
of Lowry et al. (19). 


RESULTS 


Purification of Enzyme—Unless otherwise specified, all steps 
of the fractionation were carried out at 0-4°, and precipitates 
were centrifuged at approximately 4,000 x g at 0° for 5 minutes. 
The pertinent data of a typical purification described in detail 
below are summarized in Table I. 

In this particular case 140 ml of crude, cell-free extract (Frac- 
tion I), obtained from 40 g of secondary leaves of 30-day-old 
soybean plants, were centrifuged at 105,500 x g (rotor No. 30 
of Spinco preparative ultracentrifuge) for 10 to 15 minutes at 
0°, and the resultant inactive, dark green pellet discarded.. The 
clear, brownish yellow supernatant solution (Fraction II) con- 
tained 100% and 150% of the original nitrite and hydroxyla- 
mine enzyme activities, respectively, with specific activities 1- 
to 2-fold that of Fraction I. Similar results were obtained when 
the above centrifugation of Fraction I was extended to 1 hour. 

Fraction II was treated with 49 ml of alumina gel Cy (15.3 
mg dry weight per ml) and stirred intermittently for 30 minutes. 
The gel precipitate was collected by centrifugation and washed 
twice by resuspending it for 10 minutes with occasional stirring 
in 28 ml of 0.05 m (first washing) and 0.10 m (second washing), 
pH 7.1 potassium phosphate buffer containing reduced gluta- 
thione and sodium versenate in final concentrations of 10-* m 
each. The supernatant solutions obtained by subsequent cen- 
trifugation after each of the two washings showed little or no 
enzyme activity and were discarded. A similar washing of the 
gel precipitate for the third time with 28 ml of 0.25 m, pH 7.1 
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TABLE [ 
Summary of purification of nitrite and hydroxylamine enzymes 
| Nitrite enzyme | Hydroxylamine enzyme Ratio of specific 
| } activities of 
Fraction Total volume Protein ] . 5 Hydroxylamine 
Total units | = | Recovery | Total units poe od Recovery sae caipes 
ml maim opine | a =i s 
I, Crrntle Gabrnet n cck§ .. cima 140 9.20 | 11,200 8.7 5,600 4.3 0.5 
II. High speed supernatant..... 140 6.90 | 11,200 11.6 100 8,400 8.7 150 0.8 
III. Alumina gel Cy eluate....... 28 1.90 | 4,200 78.9 38 5,880 110.5 105 1.4 
IV. Ethanol precipitate, 30 to 
50% (volume for volume). . 14 1.44 | 2,660 131.9 24 4,340 215.3 78 1.6 
V. DEAE-Cellulose —superna- 
a a neem orig on 3 | 14 0.34 3,010 632.4 27 3,780 794.1 68 1.3 























potassium phosphate buffer containing reduced glutathione in 
10-° m final concentration resulted in elution of the adsorbed 
enzymes from the alumina gel Cy. The resulting supernatant 
solution (Fraction III) contained 38% of the original nitrite 
enzyme with a 9-fold purification and 105% of the total units 
of hydroxylamine enzyme activity with a 26-fold purification. 
The volume of the alumina gel Cy used with Fraction II varies 
from one batch of gel to another. In order to yield the above 
results, the proper volume of each batch of gel must be deter- 
mined by a preliminary small scale experiment. 

The following fractionation step was carried out at —8 to 
—15° in a 75% volume for volume aqueous ethanol bath. Eth- 
anol at —20° was gradually added to 28 ml of Fraction III to a 
final concentration of 30% on a volume basis, and the resulting 
green precipitate was removed by centrifugation for 10 minutes 
at 25,500 X gat —10 to —15°. The active, yellow precipitate 
obtained by increasing the ethanol concentration of the super- 
natant solution to 50% was collected by centrifugation as above 
and dissolved in 14 ml (0.5 volume of Fraction III) of 0.005 m, 
pH 7.0 potassium phosphate buffer containing reduced gluta- 
thione in a final concentration of 10-? m (Fraction IV). This 
fraction contained 24% of the original nitrite enzyme units 
with a 15-fold purification and 78% of the original hydroxyla- 
mine enzyme activity with a 50-fold purification. 

Fraction IV was treated with 420 mg of DEAE-cellulose 
(Type 20, reagent grade, capacity 0.82 meq per g) which had 
been previously obtained by centrifugation after suspension for 
10 minutes in 17 ml of 0.005 m, pH 7.0 sodium phosphate buffer, 
containing sodium versenate in a final concentration of 10-* m. 
After intermittent stirring for 10 minutes, the DEAE-cellulose 
was discarded by centrifugation and the supernatant solution 
filtered through filter paper. The resultant filtrate (Fraction V) 
contained 27% of the total nitrite enzyme units with a 73-fold 
purification and 68% of the total hydroxylamine enzyme units 
with a 185-fold purification. Before preparation of Fraction 
V by this procedure, it was necessary to run a preliminary, 
small scale determination of the amount of DEAE-cellulose 
required to yield the above results, because the capacity of the 
anion-exchanger varies from one batch to another. 

Various preparations of Fraction V were used as a source of 
enzyme in almost all the experiments reported. The purifica- 
tion of the nitrite and hydroxylamine enzymes in these final 
fractions ranged from 55- to 59-fold and 127- to 311-fold, re- 
spectively, whereas specific activities varied from 200 to 1300 
units, depending upon the initial concentration of the enzyme 


in the crude extract. Preparations have been obtained which 
had turnover numbers of up to 60 moles of DPNH oxidized 
per minute per mole of enzyme, assuming a molecular weight 
for the enzyme of 100,000. 

Tests of Fraction V for other enzymes indicated the absence 
of DPNH- or TPNH-cytochrome c reductase (20), DPNH oxi- 
dase (20), DPNH-vitamin K, reductase (21), DPNH-mono- 
dehydroascorbic acid reductase (22), DPNH-ascorbic acid (oxi- 
dized by copper) reductase (22), DPNH- or TPNH-glutathione 
reductase (23), and DPNH-nitrate reductase (24). However, 
Fraction V was found to possess very low DPNH-a-lipoic acid 
reductase activity, fairly strong DPNH-menadione reductase 
(21) and TPNH-diaphorase (25) activities, and very high 
DPNH-diaphorase (25) and DPNH-1,4-benzoquinone reductase 
(26) activities. None of the previously mentioned enzymatic 
activities that were present were found to be stimulated by 
Mn** ions or by the heat-stable factor, both of which are abso- 
lutely essential for the activity of the soybean nitrite and hy- 
droxylamine enzymes. Moreover, none of the electron acceptors 
involved in the above enzymatic activities (e.g. lipoic acid, mena- 
dione, 1,4-benzoquinone) could substitute for the heat-stable 
factor required by the nitrite and hydroxylamine enzymes. It 
is concluded, therefore, that the additional activities identified 
in Fraction V probably can not be ascribed to the nitrite and 
hydroxylamine enzymes. 

Time Course of Enzymatic Reactions and Proportionality of 
Enzyme Activities with Enzyme Concentration—As shown in Figs. 
1 and 2, respectively, both nitrite and hydroxylamine enzyme 
activities as well as endogenous activity are, within a limited 
range, directly proportional to the time of reaction and also to 
the quantity of enzyme added. That the endogenous activity 
is probably not directly related to the nitrite and hydroxylamine 
enzymes is indicated by the fact that several preparations of 
Fraction V have been obtained which contained appreciable 
nitrite and hydroxylamine activities, but little or no endogenous 
activity; on the other hand, use of excessive quantities of DEAE- 
cellulose during the preparation of Fraction V resulted in prepa- 
rations which possessed high endogenous activity but none of 
the other two enzyme activities. 

Stability of Enzyme—The nitrite and hydroxylamine enzyme 
activities present in Fraction V frequently are doubled during 
the first 4 days of storage at —20°, whereas the endogenous 
activity is diminished. Upon further storage, the enzymes ex- 
perience a gradual loss in their activities amounting to 60 to 
90% after 1 month. Fraction V may also be kept at 4° for 
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Fig. 1. Time course of nitrite and hydroxylamine enzyme ac- 
tivities. Conditions of standard assay; 84 ug of protein (spe- 
cific activity = 810 and 536 with respect to nitrite and hydroxyl- 
amine enzymes, respectively) were used in each reaction mixture. 
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Fic. 2. Proportionality of nitrite and hydroxylamine enzyme 
activities with enzyme concentration. Conditions of standard 


assay; enzyme purity = 407 and 519 units per mg of protein 
with respect to nitrite and hydroxylamine enzymes, respectively. 


approximately 1 week without marked losses in nitrite and hy- 
droxylamine enzyme activities. Both the crude extract and 
the alumina gel Cy eluate are relatively unstable and all activi- 
ties are lost under the above storage conditions. Fraction III 
is completely unstable to ammonium sulfate fractionation, even 
when the latter is performed at pH 7. 

Dialysis ol Fraction V for 2 hours against distilled water con- 
taining reduced glutathione and sodium versenate in final con- 
centrations of 10-* m and 10~‘ M, respectively, with a “Visking” 
dialysis membrane previously soaked for about 30 minutes in 
the same solution, resulted in a 30% loss in activity of the 
nitrite enzyme and a 5 to 10% loss in that of the hydroxylamine 
enzyme. 

Both the nitrite and hydroxylamine enzymes of Fraction V 
are heat-sensitive, losing all their activities after 5 minutes at 
50°. 

Nitrite Enzyme and Hydroxylamine Enzyme as Separate Enti- 
ties—The data in Table I display no clear-cut parallelism be- 
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tween the nitrite and hydroxylamine enzyme activities during 
purification and are, therefore, inconclusive regarding the en- 
zymatic identity of the two activities. On the other hand, there 
is other evidence favoring the idea that these two activities are 
probably due to two different enzymes. Frequently, various 
enzyme fractions are obtained, including crude cell-free extracts, 
supernatant solutions after treatment with alumina gel Cy, and 
gel eluates, which show appreciable nitrite enzyme activity but 
no hydroxylamine enzyme activity. Moreover, as a result of 
various treatments with inhibitors and heavy metals reported 
below, it has been possible to inhibit completely the hydroxyla- 
mine enzyme activity without affecting the nitrite enzyme ac- 
tivity, and vice versa. 

pH Optimum—The effect of pH on the nitrite and hydroxyla- 
mine enzyme activities is shown in Fig. 3. Maximal activities 
for both enzymes occur between pH 6.6 and 7.1 when pyrophos- 
phate, phosphate, or tris(hydroxymethyl)aminomethane are 
used as the buffer. Highest activities are obtained with pyro- 
phosphate buffer. 

Substrate Affinity—With DPNH as the electron donor, the 
relationship between nitrite and hydroxylamine concentrations 
and enzyme activities are shown in Fig. 4. The dissociation 
constants (K,,’s) for the nitrite- and hydroxylamine-enzyme 
complexes in terms of the substrate concentrations required for 
one-half of maximal activity, as determined from the saturation 
curves, are 0.7 X 10-5 m and 0.4 X 10-® M, respectively, thus 
indicating a relatively high enzyme-substrate affinity. It is of 
interest that the enzyme can tolerate as high asa 1 X 10“ 
final concentration of hydroxylamine, despite the generally ob- 
served high biological toxicity of the compound. 

Reduced Pyridine Nucleotides as Electron Donors—The effects 
of various DPNH and TPNH concentrations on the rates of 
nitrite and hydroxylamine enzyme reactions are shown in Fig. 
5. The curves indicate that DPNH gives a maximal enzyme 
activity which is 1.5-fold that of TPNH, the K,,’s for DPNH 
and TPNH being about 1 x 10-‘ m for both enzyme reactions. 
There is no nonenzymatic oxidation of the nucleotides in the 
presence of either nitrite or hydroxylamine. 

The TPNH employed in these studies was prepared enzy- 
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Fia. 3. Effect of pH on the nitrite and hydroxylamine en- 
zymes. Conditions of standard assay. Buffers of 0.1 M were 
used throughout and pH values shown were determined at the 
end of the reaction. Protein, 70 ug, (specific activity = 543 
and 571 with respect to nitrite and hydroxylamine enzymes, re- 
spectively) was used in each reaction mixture. 
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matically, since TPNH prepared chemically by the reduction 
of TPN with hydrosulfite inhibited both activities, particularly 
the hydroxylamine enzyme, the degree of inhibition varying 
with the preparation. This inhibition is probably due to the 
presence of sulfite originating from hydrosulfite (11). 

Manganese as Activator—The data of Table II demonstrate 
that both nitrite and hydroxylamine enzyme activities are spe- 
cifically stimulated several-fold by added manganese, as meas- 
ured by DPNH oxidation. Manganese, however, does not 
affect the endogenous oxidation of DPNH. The K,,’s of the 
enzyme-Mn complexes, as estimated from the saturation curves 
(Fig. 6), are approximately 0.6 x 10-5 m and 1.4 Xx 10-° m with 
respect to the nitrite enzyme and the hydroxylamine enzyme, 
respectively. A preliminary report of the manganese require- 
ment by cell-free nitrite and hydroxylamine-reducing systems 
from soybean leaves has already appeared (7). Spencer et al. 
(14) have also observed a similar requirement for manganese by 
the hydroxylamine reductase, but not the nitrite reductase, from 
Azotobacter. The claim by Medina and Nicholas (27) that man- 
ganese is a component of Neurospora hydroxylamine reductase is 
based only on a deficiency effect and is, at most, suggestive. A 
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TasBie II 
Effect of metals on nitrite and hydroxylamine enzymes 
Conditions of standard assay. Protein, 80 ug, (specific activ- 
ity = 400 and 513 with reference to nitrite enzyme and hydroxy]l- 
amine enzyme, respectively) was used in each reaction mixture. 
The above compounds were preincubated with the enzyme for 


approximately 2 to 3 minutes before the start of the reaction. 
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Fic. 4. Effect of nitrite and hydroxylamine concentrations on 
the activities of nitrite enzyme and hydroxylamine enzyme, re- 
spectively. Conditions of standard assay, except for varying 
NaNO: and NH.OH-HCI concentrations; Protein, 70 ug, (specific 
activity = 1129 and 1257 with respect to nitrite and hydroxyl- 
amine enzymes, respectively) was used in each reaction mixture. 
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REUCED PYRIDINE NUCLEOTIDE (Mxi0*) 


Fie. 5. Effect of reduced pyridine nucleotide concentration on 
the activity of the nitrite and hydroxylamine enzymes. Condi- 
tions of standard assay, except for varying DPNH and TPNH 
concentrations; Protein, 70 ug, (specific activity = 543 and 571 
with respect to nitrite and hydroxylamine enzymes, respectively) 
was used in each reaction mixture. 























Compound added — a Nitrite enzyme SS 
M —A Auo/7 min 
None 0.040 0.008 
MnCl, 10-4 0.225 0.285 
CuCl, 10-* 0.042 0.043 
CuCl, 10-3 0.008 0.009 
CuCl: + MnCl. 10-3 + 10-4 0.028 0.411 
MgCl, 5 X 10-4 0.019 0.000 
Na:MoQ, 5 X 10-4 0.042 0.019 
ZnSO, 5 X 10-4 0.047 0.028 
Na:WO, 5 X 10-* 0.031 0.022 
FeSO, 5 X 10-¢ 0.015 0.000 
FeCl; 5 X 10-4 0.025 0.023 
CoSO, 5 X 10-4 0.044 0.043 
CaCl. 5 X 10-¢ 0.043 0.023 
Na2B,0; 5X 10-* 0.008 0.017 
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Fia. 6. Effect of added Mn** on the nitrite and hydroxylamine 
enzymes. Conditions of standard assay, except for varying MnCl, 
concentration. Protein, 68 ug, (specific activity = 603 and 559 
with respect to nitrite and hydroxylamine enzymes, respectively) 
was used in each reaction mixture. 


more recent report by Nicholas (28) claims that copper and iron 
are metal components of Neurospora nitrite reductase. 

It is of interest (Table II) that cupric ions at a 10- m final 
concentration, although with little or no inhibitory effect when 
added singly, cause a virtually complete inhibition of the nitrite 
enzyme in the presence of manganese. By contrast, the hy- 
droxylamine enzyme is actually stimulated 50% under identical 
conditions, suggesting that these two activities are not due to 
the same enzyme. The inhibition of the nitrite enzyme may 
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ml. OF ADDED HEAT-STABLE FACTOR 

Fig. 7. Effect of added heat-stable factor on the nitrite en- 
zyme, hydroxylamine enzyme, and endogenous activity. Con- 
ditions of standard assay, except for varying quantity of added 
crude, heat-stable factor. Protein, 78 ug, (specific activity = 
795 and 718 with respect to nitrite and hydroxylamine enzymes, 
respectively) was used in each reaction mixture. In this case, 
the activities of the nitrite and hydroxylamine enzymes have 
not been corrected for endogenous activity. 


be partly due to a nonenzymatic loss of nitrite from the reaction 
mixture in the presence of the Cut++ ions (14). 

Heat-stable Factor Requirement—During enzyme purification, 
a heat-stable factor prepared from soybean leaf extracts was 
found to stimulate appreciably the nitrite and hydroxylamine 
enzyme activities, as well as the endogenous activity, the degree 
of stimulation increasing with the purity of the enzymes. In 
fact, as shown in Fig. 7, there is an absolute requirement for 
this factor by these enzyme activities in the most purified prepa- 
ration (Fraction V), thus pointing to the dissociable nature of 
the factor. 

Several compounds at various concentrations, either singly 
or in combination, could not replace this heat-stable factor in 
stimulating the nitrite and hydroxylamine enzymes, although 
occasionally an increase in endogenous activity was observed. 
These included pyridoxal phosphate; mammalian cytochrome c; 
coenzyme Qjo;? Vitamin K,; menadione; 1 ,4-benzoquinone; D,a- 
lipoic acid; glutathione (oxidized); 2,3,6-trichlorophenolindo- 
phenol; FAD; flavin mononucleotide; riboflavin; boiled pig heart 
extract; liver extract; yeast concentrate; ATP; coenzyme A; 
pyruvate; phosphopyruvate; a-ketoglutarate; folic acid; 1,2- 
amino -4- hydroxy -7 -methy]-tetrahydropteridine; xanthopterin; 
iso-xanthopterin-6-acetic acid, and a number of other pteridines. 

Partial Purification of Heat-stable Factor—The following steps 
were used in the purification of the heat-stable factor. Enzyme 
Fraction I, 314 ml, was centrifuged at 144,700 x g for 1 hour 
at 0—4°, and the inactive dark green pellet was discarded. The 
clear supernatant fluid was diluted 10-fold to 3140 ml with 0.1 
M, pH 7.0, sodium pyrophosphate buffer, heated for 20 minutes 
in a boiling water bath, and the resulting inactive, greenish 
yellow precipitate removed by filtration through fluted What- 
man No. 1 filter paper. Active, pale yellow filtrate (Fraction 
A), 3000 ml, was mixed with 2 volumes (6 liters) of absolute 
ethanol, stored overnight at —12 to —15°, and the resultant, 


2 Coenzyme Qio was kindly donated by Dr. Karl Folkers, and 
various pteridine compounds by Dr. Seymour Kaufman. 
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inactive, yellowish white precipitate removed by centrifugation 
at 4000 x g for 15 minutes at about —15°. The volume of the 
supernatant solution was decreased by evaporation under vac- 
uum at 50° to no less than one-sixth of its original volume in 
order to remove most of the ethanol, and the residual fluid 
diluted with distilled water to the original volume of Fraction A 
(3000 ml) to yield Fraction B. If the heat-stable factor activity 
of a given fraction is expressed in terms of its volume required 
for 50% saturation of enzymatic activity, Fraction B contained 
about 200% of the total activity originally present in Fraction A 
with respect to the nitrite and hydroxylamine enzymes, but 
only 100% with respect to the endogenous activity. 

Fraction B was then passed through a 7.4 (diameter) x 33 
(height) cm column of tightly packed (in 4 layers, each approxi- 
mately 8 cm high) DEAE-cellulose powder (high drainage 
substitute of Type 20 product, reagent grade, 0.93 meq per g 
capacity), through which 3- to 5-column beds of distilled water 
were previously passed. All liquids were passed through the 
column under gravity at a rate of about 3 to 4 ml per minute 
at 4-7°. The effluent from Fraction B was inactive with respect 
to the nitrite and hydroxylamine enzymes, but stimulated 
appreciably the endogenous activity. With regard to its spec- 
tral characteristics, the effluent retained most of the high optical 
absorption of Fraction B near 220 my as well as the absorption 
peak at 268 mu, but lost the optical absorption shoulder at 
296 to 315 mu. When all of Fraction B had been added to the 
column, the latter was washed with 3 liters of 0.005 m, pH 7.0 
sodium pyrophosphate buffer, and then eluted with 0.01 m, pH 
7.0 sodium pyrophosphate buffer, the eluate being collected in 
successive 30 ml aliquots. At the time that the heat-stable 
factor began to be eluted from the column, the latter consisted 
of a brown zone at its very top, a narrow, yellowish zone about 
10 cm below, and a diffuse, pale yellow zone (with dark blue 
fluorescence in ultraviolet light) at the bottom. Approximately 
2 liters of the 0.01 m, pH 7.0 sodium pyrophosphate buffer were 
sufficient to elute all of the heat-stable factor from the cellulose 
column. Active eluates possessed ratios of optical densities 
at the indicated wave lengths ranging as follows: 312 to 268 
mp = 1.7:2.3; 312 to 253 mp = 2.0:3.1; 312 to 225 mp = 1.2: 
1.4. The active eluates were pooled together to yield Fraction 
C (600 ml), which contained about 70% of the total activity 
originally present in Fraction A with respect to the nitrite and 
hydroxylamine enzymes, and only 10% with respect to the 
endogenous activity. Fraction C, 1.20 ml, which contained 
2.7 mg dry weight, gave maximal enzyme activity under the 
conditions of standard assay. 

Properties of Heat-stable Factor—Although as yet unidentified, 
the heat-stable factor is very likely an organic compound(s) 
since it loses its activity upon ashing. The material appears 
to be soluble in water and in 70% (volume for volume) aqueous 
ethanol at —20°, but insoluble in absolute ethanol, chloroform, 
and acetone. It is not extractable from an aqueous solution 
by petroleum ether at either pH 7 or pH 2. The heat-stable 
factor is dialyzable and adsorbed by activated charcoal or an 
anion-exchange material, such as DEAE-cellulose and the Cl 
form of Dowex 1-X2. It is not adsorbed by a cation-exchange 
resin, such as the Na+ form of Amberlite XE-64. 

In the purification of the heat-stable factor it seemed worth- 
while to learn whether or not it was associated with the soluble 
part of the crude enzyme extract (Fraction I). This was deter- 
mined by first subjecting 3 ml of freshly prepared crude enzyme 
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extract to centrifugation at 144,700 x g for 1 hour at 0-4°. The 
resultant supernatant fluid was diluted to 30 ml with 0.1 m, 
pH 7.0, sodium pyrophosphate buffer, heated for 20 minutes in a 
boiling water bath, filtered, and the filtrate (Fraction III, Table 
III) collected. The dark green pellet at the bottom of the 
centrifuge tube was resuspended in 10 ml of 0.05 m K,HPO,, 
containing reduced glutathione and sodium versenate in final 
concentrations of 10-* m and 10-‘ M, respectively, and recentri- 
fuged at 144,700 x g for 1 hour. The resultant pellet was 
again resuspended, this time to a final volume of 3 ml with the 
phosphate-glutathione-Versenate solution, diluted to 30 ml with 
0.1 m, pH 7.0 sodium pyrophosphate buffer, heated for 20 min- 
utes in a boiling water bath, filtered, and the filtrate (Fraction 
IV) collected. For comparison purposes, some crude, heat- 
stable factor (Fraction V) was prepared from the enzyme extract 
as described in ‘Experimental Procedure.” As shown in Table 
Ill, the heat-stable factor of the crude, cell-free soybean leaf 
extract is associated with the soluble fraction, which also con- 
tains the nitrite and hydroxylamine enzymes, as described in a 
previous section. 

The stability of the factor to acid was examined by first ex- 
posing 11 ml of crude, heat-stable factor to a final concentration 
of 1 n hydrochloric acid for 10 minutes at 100°, followed by 
neutralization with sodium hydroxide. Upon acidification the 
solution turned colorless and a precipitate appeared, but the 
precipitate redissolved and the original yellowish tint reappeared 
upon neutralization. The stability of the factor to alkali was 
examined by first exposing another 11 ml sample of the crude 
factor to a final concentration of 0.3 Nn sodium hydroxide for 10 
minutes at 100°, followed by neutralization with hydrochloric 
acid. The original yellowish tint of the solution was reversibly 
intensified to bright yellow upon addition of the alkali. A 
control sample (11 ml) was incubated for 10 minutes at 100° 
without added acid or alkali. Each of the above three samples 
as well as 11 ml of untreated crude factor were then diluted with 
distilled water to the same final volume (12 ml) before being 
assayed. As shown in Table IV, heating the crude factor (Sam- 
ple 2) for 10 minutes at 100° resulted (Sample 3) in a 50 to 90% 
increase of its ability to stimulate the endogenous as well as 
the nitrite and hydroxylamine enzyme activities, probably due 
in part to a release of the active factor from a bound, inactive 
form. The acid treatment (Sample 4), as compared to the 
control heat treatment (Sample 3), resulted in approximately a 
50% decrease of the ability of the factor to stimulate the nitrite 
and hydroxylamine enzymes, as well as the endogenous activity. 
The alkali treatment (Sample 5), however, destroyed the factor 
activity almost completely with respect to the nitrite and hy- 
droxylamine enzymes, but less than 50% with regard to the 
endogenous activity. The latter results suggest a difference in 
the nature of the endogenous activity as compared to that of 
the nitrite and hydroxylamine enzymes. 

The absorption spectrum of purified heat-stable factor (Frac- 
tion C) in 0.1 n hydrochloric acid is identical with that in 0.1 
M, pH 7.0 sodium pyrophosphate buffer, except that there is a 
shift in the maximum from 312 to 315 my and another in the 
minimum from 253 to 256 or 257 my (Fig. 8). In both cases 
there is an absorption shoulder at 223 to 230 my. In 0.1 N 
NaOH there is an intensification and shift of the absorption 
maximum to 358 my, with an absorption shoulder appearing at 
310 to 316 my; there is also a shift in the minimum to 284 my, 
with a secondary absorption peak appearing at 226 mu. No 
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Taste III 
Association of heat-stable factor with soluble fraction of 
crude, cell-free, soybean leaf extract 

Conditions of standard assay, with 1.20 ml of each fraction. 
Protein, 124 ug, (specific activity = 250 and 234 with respect to 
nitrite and hydroxylamine enzymes, respectively) was used in 
each reaction mixture. The various heat-stable fractions are 
described in the text. 














Heat-stable fraction added Nitrite enzyme Hydroxylamine enzyme 
—A Awo/4 min 
Ee PAO ae ss ses ds 0.000 0.010 
Co a 0.125 0.116 
ITE. Baluble....6 53%. 2... 0.097 0.105 
IV. Particulate. ....... 0.012 0.007 
TaBLe IV 


Destruction of heat-stable factor by acid and alkali 
Conditions of standard assay, with 1.20 ml of each heat-stable 
factor sample (described in the text). Protein, 124 yg, (specific 
activity = 331 and 258 with respect to nitrite and hydroxylamine 
enzymes, respectively) was used in each reaction mixture. 
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Fie. 8. Absorption spectra of purified heat-stable factor. 
Measurements were made in a Beckman model DU spectropho- 
tometer with cuvettes having a light path of 1 cm. heat-stable 
factor, 0.40 ml, (Fraction C) in 0.80 ml. of 0.1 n HCl (O——O), 
0.1m NaOH (@——®) or 0.1 m, pH 7.0 sodium pyrophosphate 
buffer (A——A), read against corresponding solvent blank. 


absorption was observed at wave lengths greater than 450 my. 
The above changes in the absorption spectrum with changes in 
pH are reversible. Neither treatment of the purified factor 
with hydrosulfite (or hydrogen gas in the presence of palladium 
(5%)—asbestos powder) nor the presence of the complete nitrite 
enzyme standard reaction mixture produced any change in the 
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TABLE V 
Effect of inhibitors on nitrite and hydroxylamine enzymes 

Conditions of standard assay. Protein, 54 ug, (specific activ- 
ity = 556 and 463 with respect to nitrite enzyme and hydroxyl- 
amine enzyme, respectively). The above inhibitors were prein- 
cubated with the enzyme for approximately 2 to 3 minutes before 
the start of the reaction, except for p-chloromercuribenzoate 
which was preincubated for 5 minutes. Most inhibitors were 
added in 0.1 m, pH 7.0 pyrophosphate; the rest were dissolved in 
buffer-ethanol solvents which did not affect the activity of the 
enzymes. 











Inhibition 
Final 
Compound concentration Nitrite Hydroxyl- 
enzyme amine enzyme 
M % 

KCN 10-8 100 100 
10-4 100 100 
10-° 26 60 
Salicylaldoxime 10-3 26 77 
10-5 0 33 
NaN; 10-3 91 100 
10-5 87 90 
10- 43 83 
10-8 17 43 
Potassium ethyl xanthate 10-3 39 47 

10-5 0 
Sodium diethyl dithiocar- 10-3 54 100 
bamate 10-5 31 52 
o-Phenanthroline 10-3 33 100 
10-5 17 48 
8-Hydroxyquinoline 10-3 83 100 
10-5 23 37 
a,a’-Dipyridyl 10-3 23 84 
KSCN 10-3 0 0 
Versene 10-3 0 14 
Thiourea 10-3 0 0 
Hydrazine 10-3 60 100 
10-5 0 57 
Allylthiourea 10-2 0 0 
NaF 10-3 0 0 
Iodoacetic acid 10-3 20 0 
NH.,Cl 10-3 40 0 
2,4-Dinitro-phenol 10-4 15 0 
p-Chloromercuribenzoate 10-3 75 100 
10-4 0 100 
10-* 0 
Antimycin A 100 ug/ml 0 13 
Atabrine 3 X 107 29 0 
Sodium amytal 8.3 X 10-3 35 48 
10-3 8 20 














ultraviolet and visible absorption spectra of the heat-stable 
factor in 0.1 mM, pH 7.0 sodium pyrophosphate buffer, except for 
a slight increase in absorption in the 220 my region. 

Effect of Flavins—Thus far it has not been possible to demon- 
strate a requirement for flavin by the soybean nitrite and hy- 
droxylamine enzymes using added FAD or flavin mononucleo- 
tide in final concentrations ranging up to 10~* M, either in the 
presence’ or absence of added heat-stable factor. Moreover, 
spectrophotometric investigations,’ with either the complete 

3 Kindly repeated and confirmed by Dr. Bernard L. Strehler 


(National Heart Institute, Baltimore City Hospital) with the 
sensitive Cary recording spectrophotometer, model 14M. 
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nitrite or hydroxylamine enzyme reaction mixtures under the 
conditions of standard assay or sodium hydrosulfite in place of 
substrate, failed to detect any flavin or cytochrome in the com- 
plete reaction mixture, in enzyme Fraction V, or in the previ- 
ously described, highly purified preparation of the heat-stable 
factor (Fraction C). 

Effect of Inhibitors—The effect of a number of inhibitors on 
nitrite and hydroxylamine enzyme activities is shown in Table 
V. Sensitivity to metal-binding agents such as cyanide, azide, 
and 8-hydroxyquinoline further suggests the essentiality of a 
metal component for both nitrite and hydroxylamine enzyme 
activities. 

The marked inhibition of hydroxylamine enzyme by 10- u 
p-chloromercuribenzoate and its approximately 50% reversal 
by 10-* m L-cysteine indicate the probable importance of sulf- 
hydryl groups for enzymatic activity. On the other hand, the 
inhibition of nitrite enzyme by 10-* m p-chloromercuribenzoate 
could not be reversed by cysteine or reduced glutathione. In 
fact, both of the latter sulfhydryl compounds, at 10-3 m final 
concentration, inhibit the nitrite enzyme by about 75% but do 
not affect the hydroxylamine enzyme. 

Sodium azide at 10-5 m final concentration inhibits almost 
completely both nitrite and hydroxylamine enzymes but does 
not affect the endogenous oxidation of DPNH, suggesting that 
the enzyme responsible for the endogenous activity is not di- 
rectly related to the nitrite and hydroxylamine enzyme activi- 
ties. 

The differential inhibition of the nitrite and hydroxylamine 
enzymes by 10-5 m hydrazine and 10-* m p-chloromercuriben- 
zoate (Table V) provides further evidence for the possibility 
that the two activities are associated with either different en- 
zymatic entities or different active sites on the same protein. 

That flavin nucleotides do not participate as electron carriers 
in the soybean system is further suggested by the rather low 
and inconclusive inhibition (Table V) in the presence of either 
the flavin analogue, Atabrine (quinacrine), or Amytal (29). 
Lack of inhibition of the enzymes by antimycin A supports the 
previously described spectrophotometric findings that the soy- 
bean nitrite and hydroxylamine enzymes do not involve a factor 
of the type which is postulated to be present between cyto- 
chromes 6 and c of the terminal respiratory system of higher 
organisms (29). 

Both the nitrite and hydroxylamine enzymes exhibit the same 
activity under aerobic or anaerobic assay conditions. However, 
there is an initial lag in the rate of endogenous DPNH oxidation 
when assayed anaerobically. 

Products and Stoichiometry of Reactions—The stoichiometry 
of the nitrite enzyme and hydroxylamine enzyme reactions was 
determined by measuring the concomitant oxidation of DPNH 
and the disappearance of nitrite or hydroxylamine in reaction 
mixtures with exactly the same compositions as those employed 
in the standard assay. DPNH oxidation was observed at vari- 
ous intervals during the reaction period by measuring the de- 
crease in absorption at 340 my of aliquots of reaction mixtures 
maintained in spectrophotometric cuvettes. At the same time, 
other aliquots of the reaction mixtures were removed and as- 
sayed for nitrite or hydroxylamine, as already described under 
“Experimental Procedure.” The molar extinction coefficient 
of 6.22 & 10° sq. cm. X mole at 340 my (30) was used to com- 
pute DPNH concentration. 

The time courses of the nitrite and hydroxylamine enzyme 
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Fic. 9. Time courses of nitrite and hydroxylamine enzyme reactions. Conditions of standard assay; 64 ug of protein (specific ac- 
tivity = 763 and 656 with respect to nitrite and hydroxylamine enzymes, respectively) were used in each 3 ml reaction mixture. Curve 


A represents the complete reaction mixture; Curve B represents the same as Curve A, except that NaNOz was omitted; Curve C repre- 
sents the same as Curve A, except that the enzyme was omitted. After 12 minutes, 1.00 ml of 2 m tris(hydroxy-methyl)aminomethane 
(free base) solution, 1.70 ml of distilled water, 0.10 ml of 95% (volume for volume) ethanol, and 0.20 ml of yeast alcohol dehydrogenase 


(600 ug of protein) were added successively to the complete reaction mixture (diluted 1:2 by this stage). 


readings represent the original readings X2. 


reactions are presented in Fig. 9. In both cases, all of the 
original absorption at 340 my of DPNH is recovered near the 
end of the reaction upon addition to the complete reaction mix- 
ture of the DPNH-regenerating system consisting of ethanol 
and yeast aleohol dehydrogenase. Thus, DPN has been dem- 
onstrated to be one of the products of both nitrite and hydroxyl- 
amine enzyme reactions. 

Table VI shows a mole-for-mole relationship between hy- 
droxylamine disappearance and DPNH oxidation. No hy- 
droxylamine disappeared after incubation for 30 minutes in a 
complete reaction mixture inhibited at zero time with cyanide 
or from which the enzyme was omitted. 

Thus far it has not been possible to demonstrate any disap- 
pearance of nitrite concomitant with the enzymatic oxidation 
of DPNH. This was the case when either crude or purified 
enzyme and heat-stable factor preparations were used in the 
nitrite enzyme assay system. The possibility that nitrite is 
actually first reduced and then reoxidized back to nitrite by 
atmospheric oxygen, either directly or indirectly, seems unlikely, 
since nitrite disappearance could not be observed under ana- 
erobic assay conditions. In addition, there was no oxygen con- 
sumption under aerobic conditions by the nitrite, hydroxyla- 
mine, or endogenous enzyme systems. 

At present, nothing is known about the fate of nitrite and 
hydroxylamine in the soybean nitrite and hydroxylamine en- 
zyme reactions. As yet, neither ammonia nor an amine as 
assayed with the phenol-hypochlorite or Nessler’s reagents, 
either directly or after diffusion into the central well of the 
Conway unit, have been identified as products of the reactions. 
Similarly a negative ninhydrin test (31) has excluded amino 
acids, and primary and secondary aliphatic amines as possible 
products of the hydroxylamine enzyme reaction. Hydroxyla- 
mine is excluded as a product of the nitrite enzyme reaction 
since it gives a negative diazo-coupling test, unless previously 
oxidized to nitrite. Also, the disappearance of hydroxylamine 


Subsequently indicated A ao 


TaBLe VI 
Stoichiometry of hydroxylamine enzyme reaction 

The enzymatic rates of DPNH oxidation were calculated from 
differences between Curves A and B of Fig. 9. Hydroxylamine 
disappearance was determined in 2.00 ml aliquots of complete 
reaction mixture (Curve A, Fig. 9). Protein, 540 ug, (specific ac- 
tivity = 533) was used in a 27.0 ml reaction mixture under the 
conditions of standard assay. 














Time of incubation DPNH oxidized |NH:OH disappeared| DPN on 
min mumoles /3ml mmoles /3 ml 
0 0.0 0.0 
1 15.7 15.0 1.05 
2 30.5 24.4 1.25 
4 52.9 53.5 0.99 
5 72.9 68.0 1.07 
6 85.7 91.5 0.94 
8 115.7 109.1 1.06 
9 130.9 122.7 1.07 
10 141.4 153.2 0.92 
12 | 165.2 166.3 0.99 








in the hydroxylamine enzyme reaction cannot be ascribed to 
oxime formation since the latter is determined by the same 
method as that for hydroxylamine. The lack of nitrite forma- 
tion from hydroxylamine in the latter system, as well as the 
requirement for reduced pyridine nucleotides, tend to eliminate 
hydroxylamine oxidation as a possibility. Other nitrogen com- 
pounds tested for and excluded as products of both nitrite and 
hydroxylamine enzyme reactions are the following: primary 
aryl amines as assayed by the diazo-coupling method of Bratton 
and Marshall (32) ; phenylhydroxylamine, aliphatic and aromatic 
hydrazines, and C-nitroso compounds as assayed with sodium 
pentacyanoamine ferroate to yield various colored solutions (31); 
and hydroxamic acids as identified by the color reaction with 
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ferric chloride (31). In addition, both nitrohydroxylaminic 
acid (H,N20;) and hyponitrous acid (H:N:0:2), as assayed by 
the diazo-coupling reaction after their oxidation to nitrite by 
iodine (33), do not appear to be products of the nitrite enzyme 
reaction. 


DISCUSSION 


Although the presently described purified enzymes from soy- 
bean leaves require substrate quantities of nitrite and hydroxyla- 
mine in order to catalyse the oxidation of DPNH or TPNH, the 
fate of nitrite and hydroxylamine in these reactions has yet to 
be established. The two enzyme activities have therefore been 
tentatively designated as “pyridine nucleotide-nitrite and -hy- 
droxylamine enzymes.” The fact that these enzymes have no 
apparent oxygen requirement and specifically need nitrite and 
hydroxylamine in substrate concentrations in order to catalyse 
the oxidation of reduced pyridine nucleotides, lends support 
to the suggestion that they are probably concerned with the 
reduction of nitrite and hydroxylamine, perhaps ultimately to 
the amino form. In this connection the soybean enzymes, like 
the pyridine nucleotide-nitrite and -hydroxylamine reductases 
from Neurospora (7, 11, 27) and Azotobacter (14), have a metal 
requirement, but, unlike them, apparently need no flavin. Our 
present inability to demonstrate either a flavin requirement or 
that ammonia is an end product of these enzymatic reactions 
implicates the possibility that a fragmentation of the enzymatic 
nitrite and hydroxylamine reductase chains has been achieved. 
This would be in keeping with an earlier preliminary report (7) 
of a far less purified soybean leaf nitrite reductase preparation 
which not only was stimulated to a small extent by added flavins 
but also formed ammonia as one of the products of the enzy- 
matic reaction. 

It seems evident at this stage that identification of the en- 
dogenous, heat-stable factor and elucidation of its role as well 
as that of manganese in the over-all enzymatic process(es) will 
be important in clarifying the function and mode of action of 
the presently described nitrite and hydroxylamine enzymes. 
If the soybean nitrite and hydroxylamine enzymes should prove 
to be involved in nitrite and hydroxylamine assimilation, there 
are at least three possible ways in which the heat-stable factor 
may be functioning. First, it could be serving in an electron 
carrier role, although there is no evidence for or against this 
possibility. Secondly, nitrite, hydroxylamine, or one of their 
products might react with the heat-stable factor and be ulti- 
mately reduced as an organic compound (3) to the amino level. 
Subsequent transamination would yield amino acids. Particu- 
larly interesting in the latter connection, and especially with 
regard to a possible role of Mn++ in the soybean system, is the 
recent report by Stiles and Finkbeiner (34) concerning the 
driving force of chelation in the chemical synthesis of a-nitro 
acids and a-amino acids. A third possible function of the heat- 
stable factor in the soybean system may be that of a “bridge” 
linking the substrates and Mn*+ to the active site of the en- 
zyme. Judging from the observed disappearance of hydroxyla- 
mine concomitantly with DPNH oxidation, it is possible that 
the nitrite enzyme similarly catalyzes the chemical transforma- 
tion of nitrite into a product, which either reacts positively to 
the diazo-coupling assay for nitrite or is somehow reconverted 
into nitrite by a hitherto unidentified reaction, thus accounting 
for the apparent failure of nitrite to disappear despite its stimu- 
lation of DPNH oxidation. 
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That the endogenous activity is not directly related to the 
nitrite and hydroxylamine enzymes is shown by the wide range 
in their relative activities in several highly purified enzyme 
fractions and by differences in the stability to storage at —20°, 
Mn++ requirement, azide inhibition, activity under anaerobic 
conditions, effect of the alkali treatment on the heat-stable 
factor, and distribution of activities during the fractionation of 
the latter. Although all three activities show a rough parallel- 
ism during purification and a common stimulation by the heat- 
stable factor, it is possible that the endogenous activity is in- 
fluenced by a functional group of the factor other than that 
interacting with the nitrite and hydroxylamine enzymes. On 
the other hand, it is quite probable that the nitrite and hydroxyl- 
amine enzyme activities are associated either with separate 
enzymes interconnected through a common intermediate step, 
or with different active sites on a single protein, since they re- 
semble each other in pH optima, DPNH and TPNH saturation 
curves, time courses, stability to storage, and Mn**+ requirement. 
However, they differ in distribution in various enzyme fractions, 
and are affected differently by Cu** and a number of inhibitors. 
Further evidence is needed in order to determine whether the 
soybean system described in this paper constitutes the main 
path of nitrite and hydroxylamine metabolism in the intact soy- 
bean leaf. 


SUMMARY 


1. A soluble “pyridine nucleotide-nitrite and -hydroxylamine 
enzyme” fraction, which requires substrate quantities of nitrite 
or hydroxylamine to catalyse the oxidation of reduced pyridine 
nucleotides, has been purified 100- to 300-fold from extracts of 
soybean leaves. 

2. The system is heat-labile, relatively stable to dialysis and 
to storage at 4 and —20°, and exhibits optimal activity at pH 
6.6 to 7.1. 

3. Reduced diphosphopyridine nucleotide gives a maximal 
enzyme activity which is 1.5-fold that of reduced triphospho- 
pyridine nucleotide, the dissociation constants (K,, values) for 
reduced diphosphopyridine nucleotide and reduced triphospho- 
pyridine nucleotide being about 10-* m for both nitrite and hy- 
droxylamine enzyme reactions. 

4, With reduced diphosphopyridine nucleotide as the electron- 
donor, the K,,, values for the nitrite- and hydroxylamine-enzyme 
complexes were determined to be 0.7 K 10-5 m and 0.4 x 10° 
M, respectively. 

5. Both nitrite and hydroxylamine enzyme activities are 
inhibited by several metal-binding agents and are stimulated 
3- to 6-fold specifically by Mnt**. 

6. The system has no flavin requirement. 

7. There is an absolute requirement by the purified enzyme 
for an unidentified, dissociable, heat-stable, organic factor ob- 
tained from soybean leaf extracts. The purification and some 
of the properties of this factor are described. 

8. A mole-for-mole relationship between hydroxylamine dis- 
appearance and reduced diphosphopyridine nucleotide oxidation 
was found to exist in the hydroxylamine enzyme reaction. Di- 
phosphopyridine nucleotide has been demonstrated as one of 
the products of both nitrite and hydroxylamine enzyme reac- 
tions, but the fate of nitrite and hydroxylamine is still unknown. 

9. The various possible relationships between the nitrite en- 
zyme, the hydroxylamine enzyme, and the heat-stable factor 
on one hand, and between the soybean enzyme system and 


Oct 


gene 
cuss 





iy 
12. | 


13. | 


15. | 





XUM 


0. 10 


0 the 
range 
zyme 
—20°, 
erobic 
stable 
ion of 
rallel- 
heat- 
is in- 
1 that 
. oo 
roxyl- 
parate 
step, 
ey re- 
ration 
ment, 
ctions, 
bitors. 
er the 
» main 
ct soy- 


lamine 
nitrite 
yridine 
acts of 


sis and 
at pH 


\aximal 
10spho- 
es) for 
10spho- 
ind hy- 


lectron- 
enzyme 
x 10° 


‘ies are 
nulated 


enzyme 
etor ob- 
1d some 


ine dis- 
xidation 
m. Di- 
; one of 
ne reac- 
nknown. 
trite en- 
le factor 
tem and 








October 1960 


general inorganic nitrogen metabolism on the other, are dis- 
cussed. 
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Several lines of evidence implicate folic acid and vitamin By: 
in nucleic acid metabolism in various microorganisms. In some 
cases the exact effect has been carefully delineated. It is now 
well established that folic acid derivatives function in the inser- 
tion of 1-carbon units into purines and into the 5-methyl group 
of thymine (1). It was shown by Shive et al. (2) that thymine 
would replace folic acid for the organism Lactobacillus leich- 
mannii. 

Vitamin B;2 has been shown to influence two aspects of nucleic 
acid metabolism in L. leichmannii. It was observed by Snell 
et al. (3) that thymidine would replace vitamin By: for L. leich- 
mannii, and subsequent work (4) indicated that any deoxyribo- 
nucleoside would replace the vitamin for this microorganism. 
Recent work (5) has indicated that vitamin By: is involved in 
the conversion of ribose to deoxyribose by this organism. In 
addition to this effect of Biz on deoxyribonucleic acid biosynthe- 
sis in L. leichmannii, it has also been shown that vitamin Bi. 
catalyzes the reduction of formate to the thymine 5-methyl 
group (6), a reaction similarly catalyzed by Biz in chick bone 
marrow cells (7). 

The present experiments were designed to obtain additional 
information on the influence of these two vitamins on nucleic 
acid metabolism in L. leichmannii. 


EXPERIMENTAL PROCEDURE 


A culture of L. leichmannii (American Type Culture Collec- 
tion No. 7830) was obtained from Georgetown University. The 
general handling of the organism was as is described in the 
official vitamin By. procedure (8). The basal medium was the 
same as is described in the official assay except that folic acid 
was omitted from the medium. Advantage was taken of the 
fact that the Biz requirement of the organism can be replaced 
with deoxycytidine, and that the folic acid requirement can be 
replaced with thymine. Thus, it is possible to produce cells 
deficient in both vitamins and to measure the effects of the vita- 
mins individually and in combination. The organism was 
grown for 16 hours in this basal medium with supplements as 
indicated in the various tables of results. The levels of addi- 
tions to the basal medium were thymine, 5 wg per ml; deoxycy- 
tidine, 2 wg per ml; folic acid, 1 wg per ml; and vitamin By, 
0.2 mug per ml. In certain experiments various C™ substrates 
were included in the growth medium. The C compounds used, 
the quantities employed, and the specific activities were as 
follows: formate-C™, 0.8 ue per ml, 1 we per umole; thymine-2- 


* This investigation was supported by Research Grant No. 
A-721 from the National Institutes of Health, United States Pub- 
lic Health Service. 
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C™, 0.04 we per ml, 1 we per umole; orotic acid-2-C™, 0.1 ue per 
ml, 1 ue per umole; and uracil-2-C™, 0.04 ye per ml, 0.4 we per 
umole. The total volume of culture medium was 10 ml in all 
experiments. After incubation for 16 hours at 37°, optical den- 
sity was measured at 600 my with a Coleman spectrophotom- 
eter, and the cells were centrifuged and washed three times with 
0.9% NaCl solution. The cells were subjected to the combined 
Schneider (9), Schmidt-Thannhauser (10) fractionation, accord- 
ing to the procedure previously described (6). Aliquots of the 
nucleic acid fractions were evaporated for C™ assay, in an end 
window Geiger tube. The concentrations of RNA and DNA 
were determined by the orcinol and diphenylamine procedures, 
respectively, as outlined in the Schneider fractionation proce- 
dure (9). 

In the experiments in which the turnover of DNA thymine 
was measured, the cells were grown with thymine, deoxycyti- 
dine, and with the additions of folic acid and vitamin By: as 
indicated in Table III. For the initial growth period, thymine- 
2-C™ was added to the basal medium (0.04 we per ml). After 
incubation for 16 hours, the cells were centrifuged, washed four 
times with 0.9% NaCl solution, and extracted with cold 10% 
trichloroacetic acid to remove acid-soluble materials. The resi- 
due from this extraction was washed one time with cold 10% 
trichloroacetic acid and the washing discarded. The residue 
was then suspended in 5 ml of 5% trichloroacetic acid and 
heated for 30 minutes at 90° to remove nucleic acids. An ali- 
quot of the acid-soluble material and of the nucleic acid fraction 
was evaporated for counting. Another series of tubes treated 
in the same way during the initial 16-hour growth period was, 
after washing with 0.9% NaCl solution, resuspended in the 
identical medium previously employed, except that the C"- 
thymine was replaced with unlabeled thymine. After an addi- 
tional 5 hours of growth, cells of this series were again harvested. 
The supernatant solution (incubation medium) was assayed 
for C™ activity and the cells were fractionated as were the cells 
in the first series. The third series of cells was treated the same 
as the second, except that they were allowed to grow an addi- 
tional 20 hours after resuspension in the unlabeled medium. All 
counts on supernatant solutions, acid-soluble material, and nu- 
cleic acid fractions were corrected to infinite thinness. 

All experiments were repeated at least two times and the 
agreement between duplicate experiments was quite good. 


RESULTS AND DISCUSSION 


The data given in Table I represent the average of several 
experiments. Since the primary objective of these experiments 
was to elucidate the influence of folic acid and vitamin By on 
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TABLE I 
Influence of folic acid, vitamin B,2, deoxycytidine, and thymine on nucleic acid metabolism in Lactobacillus leichmannii 





| 
| 
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Additions to basal medium 






































ee acid| es |Folic acid| te | 
C™ substrate Measurement | ide | Pe eoxy- er + |Folic acid “yg * one Bosse Folic acid) Folic 
| decbinis | cytidine | | ae cytidine : Si. thymine pra ad 7 2 
| thy: ee deren | thymine 
} 
None Optical density (O.D.) | 0.34 | 0.54 | 0.38 | 0.63 | 0.53 | 0.61 | 0.38] 0.60 | 0.60 0.60 
None RNA concentration (mg/tube/O.D.) | 0.71 | 0.60 | 0.79 | 0.65 | 0.63] 0.57 | 0.82] 0.60 | 0.63 
None DNA concentration (mg/tube/O.D.) 0.24 | 0.17 | 0.48 | 0.29 | 0.17) 0.26) 0.48 | 0.25! 0.26 
Formate-C"* RNA specific activity (c.p.m./ug) | 0.39 | 0.94 0.28 2.07 | 1.22] 3.67 | 0.21 | 2.65 | 3.14 
Formate-C'™ DNA specific activity (¢.p.m./ug) 0.18 1.54 | 0.13 | 6.06 | 4.03 | 18.00 | 0.12] 8.94 | 11.10 
Orotie acid-2-C'4 RNA specific activity (¢.p.m./ug) | 4.60) 7.15 | 3.65 | 5.10} 6.80] 6.10} 5.68| 3.68) 5.50 
Orotice acid-2-C™ DNA specific activity (¢.p.m./ug) 0 | 0 | 0.65 | 0.87 | 0 1.04 | 0.52 | 1.15] 2.03 
Uracil-2-C" RNA specific activity (¢.p.m./ug) | 28.2 | 27.2 19.4 | 20.9 | 19.5 | 18.5 | 23.0 | 25.0 | 21.0 
Uracil-2-C% DNA specific activity (¢.p.m./ug) | 0.2 0 | 3.2 5.8 0 10.5 4.1 4.2 8.3 
Thymine-2-C'4 DNA specific activity (c.p.m./ug) ) Gi 4.6 | 15.2 | 9.5 18.8 7.1 











various parameters of nucleic acid metabolism, it was felt de- 
sirable to present the results in a more convenient fashion. For 
this purpose, a tabulation was made of the magnitude of effect 
of the variables studied on the various parameters of nucleic 
acid metabolism. These data are given in Table IJ. As an 
example of the calculation, the influence of folic acid on RNA 
concentration would be determined as follows. The RNA con- 
centration in cells grown without folic acid would be compared 
to that in comparable cells grown with folic acid. Cells grown 
with deoxycytidine and thymine would be compared with cells 
grown with folic acid, deoxycytidine, and thymine; cells grown 
with Biz, deoxycytidine, and thymine would be compared with 
cells grown with folic acid, Biz, deoxycytidine, and thymine; 
and cells grown with By: and thymine would be compared with 
cells grown with folic acid, Biz, and thymine. The average per- 
centage change due to addition of folic acid to the medium 
could then be calculated. These data are given in Table II. 

The addition of thymine to the medium significantly reduced 
the incorporation of formate into DNA, the incorporation of 
orotic acid into DNA, and the incorporation of uracil into DNA. 
This must reflect a dilution of the isotope in the DNA and sug- 
gests that these substrates were being incorporated into DNA 
thymine. Deoxycytidine reduced the incorporation of orotic 
acid into DNA, indicating that orotic acid was being incorpo- 
rated into DNA cytidine. 

RNA concentration was not significantly influenced by vita- 
min By, but was slightly reduced by folic acid. Folic acid re- 
duced the concentration of DNA, and By: increased the concen- 
tration of DNA. Nucleic acid concentrations are expressed as 
quantity of nucleic acid per unit of optical density of cells in the 
original growth tubes. This presumably reflects the concentra- 
tion of nucleic acid per unit of cellular mass (11). This effect 
of Bis is in agreement with other reports (12) which indicate 
that Bye increases the DNA content of several species of micro- 
organisms. The effect obtained with folic acid, however, is not 
in agreement with other reports (12, 13) which in general suggest 
that limiting amounts of folic acid in the medium result in re- 
ductions in DNA concentrations per cell. The exact explana- 
tion for the folic acid effect on DNA concentration is not appar- 
ent. It may be related to the fact that the organisms grew 


more rapidly in the presence of folic acid and may have ap- 
proached a stationary phase. 

Folic acid increased the incorporation of formate into both 
RNA and DNA, in agreement with the known role of this vita- 
min in purine and thymine biosynthesis. The incorporation of 
formate into DNA was increased by Biz when the medium con- 
tained folic acid, which is in agreement with our earlier report 
(6), indicating an effect of By: on the conversion of formate to 
the 5-methyl group of thymine. Neither vitamin significantly 
influenced the incorporation of orotic acid into RNA; however, 
folic acid increased the incorporation of orotic acid into DNA, 
and By: was necessary for incorporation of orotic acid into DNA. 
Similar results were obtained with uracil, with neither vitamin 
influencing the conversion of uracil to RNA and with Bi being 
essential for the incorporation of uracil-C“ into DNA. These 
results again point out the important role of vitamin By: in the 
methylation of pyrimidine precursors to thymine. 

Incorporation of thymine into DNA was decreased in the 
presence of folic acid and was significantly increased when By> 
was added to the medium. In order to evaluate this effect of 
Bis on the incorporation of thymine into DNA, it seemed neces- 
sary to determine whether DNA thymine in this organism was 
in metabolic equilibrium with thymine in the medium, or 
whether, if once incorporated into the DNA, it remained as 
long as the organism was viable. The results of the experi- 
ments, designed to study the turnover of DNA thymine, are 
given in Table III. On first observation of the cells grown with 
Bis, it may be noted that after 5 hours of incubation in the un- 
labeled medium, there was a significant reduction in the total 
nucleic acid counts with an increase of considerable magnitude 
in counts in the supernatant solution. Cells were continuing 
to divide as judged by optical density measurements. This 
result suggests that there was actual turnover of DNA thymine. 
A certain amount of the thymine was probably degraded to 
volatile compounds to account for the over-all loss in C™ activ- 
ity. One pathway of thymine degradation which occurs in 
animal tissue (14) would result in the conversion of carbon 2 to 
carbon dioxide. During the next 15 hours of growth in the un- 
labeled medium, there was further loss of DNA counts and a 
considerable increase in supernatant counts, again with optical 
densities slightly increased. These results demonstrate actual 
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TaBLeE II 
Summary of individual effects of folic acid, vitamin By2, thymine, 
and deoxycytidine on nucleic acid metabolism in 
Lactobacillus leichmannii 
The results are expressed as percentage change resulting from 
addition of the substance in question to the medium. See text 
for details of calculation. 


























Effect of: 
Measurement 
Folic acid| Biz | THY. | Deoty. 
RNA concentration............... —29 +4] +1] +1 
DNA concentration............... —41 +79 | +4] +4 
Formate-C™ incorporation into 
NE ada fh ce MAL aie sieced +544 | +134 | —29 0 
Formate-C™ incorporation into 
he Rah ae ASE, ce x 8 +3840 | +234 —41/| -—8 
Orotic acid-2-C™“ incorporation 
| adele ER a ame erento +21 —20 | -—13 0 
Orotic acid-2-C'™ incorporation 
8) ene eae a +72| +o | —34] —31 
Uracil-2-C™“ incorporation into 
SRY oem eee +4 —22 | +24) -—15 
Uracil-2-C incorporation into 
MI re ke hei te Vis aierace aces 3 +33 | +0 | —47 | +17 
Thymine-2-C™ incorporation into 
ER a Bee —47 | +129 —4 
TaBLe III 


Turnover of DNA thymine in growing cultures of L. leichmannii as 
influenced by folic acid and vitamin Bi. 

In three series of tubes (12 tubes), the organism was grown for 
16 hours in the presence of thymine-2-C" and one series taken for 
assay of acid-soluble material and nucleic acid-C'. In the two 
additional series, the cells were exhaustively washed with 0.9% 
NaCl solution and resuspended in their former media, except the 
C'4-thymine was replaced with unlabeled thymine. After 5 and 
20 hours respectively, cells from the two series were harvested 
and the C* activity of the supernatant solution (incubation me- 
dium), cellular acid-soluble material, and nucleic acids deter- 
mined. Deoxycytidine was present in all tubes. The incubation 
volume was 10 ml and the c.p.m. refers to the entire incubation 
volume. 




















Aden 1& hours to 5 hours after Tesuspen- 20 hours after re- 

labeled medium |" OY Gium labeled medium 

Vitamin 2 a] 2 zie 2 3 \+ 
supplement | 8 33 Sis g 33 8 33 
ov.|#$| ¥ jop.|$8| 2 | 83 lop.| $8] 2 | Fs 
Be] 3 Se| 3 | 8s 3e| 3 | 83 

< Zz < Zin < Z|” 

C.p.m. C.p.m. c.p.m. 
None 0.34) 278/1635)0.52} 29/1892) 161/0.58) 15 |1100) 460 
Folic acid 0.52) 406/1280/0.64| 72/1448) 322/0.65) 44 | 855) 437 
Bis 0.42) 783/9500\0.61) 319/7101) 736\0.68) 58 |4420)1450 
Folic acid + |0.62| 478/5400/0.83) 101/5840) 276/0.85) 29 |4100) 506 
Bi 



































turnover.of DNA thymine during growth of the organism. 
There was evidence that in cells grown without Bi: there was 
some turnover of DNA thymine after incubation for 20 hours 
in the unlabeled medium; however, the magnitude of this effect 
was much less than when the cells were grown in the presence 
of By. Folic acid appeared to inhibit this turnover and thus, 
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in this experiment the results obtained by measuring the disap- 
pearance of thymine from DNA are in agreement with those 
obtained in the experiments in which the incorporation of thy- 
mine into DNA was measured. These results suggest that By. 
somehow catalyzes the reaction involved in the entry and release 
of thymine from the DNA of L. leichmannii. The exact mecha- 
nism of this effect remains to be elucidated. It cannot be 
stated with certainty from these experiments whether the ob- 
served turnover of DNA thymine represents turnover in the 
intact cell or whether it reflects cell lysis with degradation of 
the DNA. Such lysis would be counterbalanced by division 
of other cells to account for the increase in optical density. 

These experiments again demonstrate the important role of 
vitamin B,2 in the methylation of thymine precursors in the 
formation of DNA thymine. The experiments with labeled 
formate, labeled orotic acid, and labeled uracil all point to the 
involvement of By in this methylation process. The exact 
explanation for the effect of Biz in catalyzing the turnover of 
DNA thymine in L. leichmannii is not apparent, if based on 
present knowledge of the mode of action of the vitamin. The 
elucidation of the nature of this effect may prove to be of con- 
siderable fundamental interest. 


SUMMARY 

Folic acid and vitamin B,2 were both found to exert very sig- 
nificant effects on nucleic acid metabolism of Lactobacillus 
leichmannii. Folic acid increased the incorporation of formate 
into deoxyribonucleic acid and ribonucleic acid, and reduced 
the concentration of deoxyribonucleic acid per unit of cell mass. 
Biz increased the deoxyribonucleic acid concentration per unit 
of cell mass and was found to be necessary for the incorporation 
of orotic acid or uracil into deoxyribonucleic acid. By: also in- 
creased incorporation of formate into deoxyribonucleic acid and 
the incorporation of thymine into deoxyribonucleic acid. It 
was found that deoxyribonucleic acid thymine of L. leichmannii 
is in metabolic equilibrium with thymine in the medium and 
that this exchange is catalyzed by vitamin Bie. 
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In the net reaction catalyzed by homogentisate oxidase of 
rat liver, two atoms of oxygen are added to the double bond 
between carbon atoms 1 and 2 of homogentisate (2, 3) resulting 
in the formation of maleylacetoacetate (Fig. 1). The enzyme is 
located in the soluble phase of the liver cell; its activity is to- 
tally independent of the hydrogen and electron transport system. 
Its properties and mode of action seem to be very similar to those 
of pyrocatechase and 3-hydroxyanthranilate oxidase (4), both 
of which have been shown to incorporate molecular oxygen di- 
rectly into their substrates (5, 6). In view of these consider- 
ations, it is probable that the homogentisate oxidase reaction 
also involves the direct incorporation of molecular oxygen into 
positions 1 and 2 of the substrate. This report describes our 
attempt to determine the source of these two oxygen atoms 
by incubation of the oxidase with its substrate in the pres- 
ence of O48 + HO and, conversely, O: + H,O%. 

As shown in Fig. 1, the two atoms of oxygen which are added 
to the substrate must of necessity be located in the terminal 
carboxyl group and in the 8-carbonyl group of the product. It 
follows that, if the source of this oxygen (O2 or H,O) is labeled 
with O'8, the resulting labeled maleylacetoacetate should give 
rise to labeled fumarylacetoacetate (7), which in turn should 
give rise by enzymatic hydrolysis (2) to carboxyl-labeled fuma- 
rate and carbonyl-labeled acetoacetate, thus permitting the 
sources of both oxygen atoms to be investigated individually. 

Were it not for the tendency of carbonyl oxygen to undergo 
spontaneous exchange with water as shown by Cohn and Urey 
(8), the experimental plan outlined above would have yielded 
conclusive data. However, nonenzymatic exchange of the 
carbonyl oxygens of maleylacetoacetate and fumarylacetoace- 
tate with water has proved to be sufficiently rapid to invalidate 
our attempt to determine the source of the 6-carbonyl oxygen 
of maleylacetoacetate. 


EXPERIMENTAL PROCEDURE 


1. Origin of Terminal Carboxyl Oxygen of MAA'—Homogenti- 
sate oxidase free of FAA hydrolase was prepared from the solu- 
ble phase of rat liver homogenate by ethanol precipitation (9) 
and was incubated with substrate in phosphate-saline solu- 
tion (9), in the presence of O,"* and also in the presence of ordi- 
nary oxygen + H,O". The H,O* incubations were carried out 


* This investigation was supported in part by research grants 
G-3193 and A-971 from the National Institutes of Health. A pre- 
liminary report of this work has appeared (1). 

1 The abbreviations used are: maleylacetoacetate, MAA; and 
fumarylacetoacetate, FAA. 


in large Warburg flasks at 38°, which permitted the time interval 
required for complete oxidation of the substrate to be deter- 
mined manometrically. This time interval was then used for 
the O,'* incubations which could not be followed manometrically, 
since the flask used in these incubations had to be evacuated 
before gassing with O,'* (10). 

At the end of the reaction, Ag2FAA contaminated with silver 
phosphate was isolated by the method of Ravdin and Crandall 
(2).2 The Ag-FAA-phosphate precipitate was resuspended in 
dilute HNOs, and the silver removed by treatment with NaCl. 
After neutralization with NaOH, the substance was converted 
to fumarate and acetoacetate by incubation with fumarase-free 
FAA hydrolase (2). This isolation of FAA from the oxidase 
incubation mixture before enzymatic hydrolysis was necessitated 
by the presence of fumarase in the oxidase preparation. Fu- 
maric acid was isolated from a tungstate filtrate of the hydroly- 
sate by continuous ether extraction for 2 hours, followed by hot 
water recrystallization of the residue from the ether extract 
after decolorization with charcoal. The fumaric acid samples, 
which melted sharply within 2° of an authentic sample of fu- 
maric acid and had ultraviolet spectra which were identical 
within 2% with that of pure fumaric acid, were pyrolyzed in an 
Unterzaucher apparatus (10) and the resulting CO. analyzed 
for CO,'* in a mass spectrometer. 

2. Over-all Incorporation of O,* in FAA—The ethanol-pre- 
cipitated oxidase (see section /) was resuspended in a bicarbon- 
ate-buffered medium (phosphate-free) and incubated with sub- 
strate at 38° in the presence of 100% oxygen containing 1.4 
atom per cent O,"*. Ag:FAA was isolated by the method of 
Ravdin and Crandall (2) and after reprecipitation with silver, 
pyrolyzed directly (10) and analyzed for O"8, 

In an attempt to eliminate the exchange reaction of carbonyl 
oxygen and water during the isolation of FAA, a new procedure 
was developed and substituted for that of Ravdin and Crandall 
(2), since in the latter acid deproteinization with 6% trichloro- 
acetic acid was believed to be largely responsible for the appar- 
ent exchange occurring in these experiments. 

The new procedure involved incubation of the oxidase in a 
sodium phosphate-saline medium, since sodium phosphate is 
less soluble in anhydrous ethanol than potassium phosphate. 
The mixture was lyophilized immediately after completion of 
substrate oxidation. The lyophilized material was then ex- 
tracted with 40 ml of absolute ethanol per g at 70° for 20 min- 
utes; extraction was done in an Erlenmeyer flask protected with 


2 Although MAA is formed by the oxidase, it undergoes complete 
cis-trans isomerization during silver precipitation. 
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Fic. 1. Homogentisate oxidase reaction 


TABLE I 


Incorporation of oxygen into position 8 of maleylacetoacetate during 
homogentisate oxidase reaction 





Isolated fumaric acid 





Gas phase or medium® 























Ors Observed? Theoretical 
atom % excess | atom % eneue atom O'8/mole 
O,'8 1.07 0.120 0.98¢ 1.00 
1.16 0.135 1.02¢ 1.00 
1.1 0.111 0.83¢ 1.00 
H,0'8 1.18 0.031 0.22¢ 0.00 
1.19 0.023 0.17¢ 0.00 
1.20 0.032 | 0.23¢ 0.00 











@ See the text. 
>’ Calculation of atoms of oxygen incorporated per mole of 
fumaric acid from isotope analysis: 
AtomsO —_ Atom % excess O!8 observed X 4 X 2 X 1.08 
Mole fumaric 





Atom % excess O!8 in gas phase or medium 


Intramolecular dilution in fumaric acid molecule = 4. 

Dilution due to oxidation of CO from pyrolysis to COz = 2. 

Correction for exchange during hot water recrystallization = 
1.08. 

¢ Corrected for carboxyl-oxygen exchange during hot water 
recrystallization. (Two samples of nonisotopic fumaric acid were 
subjected to the hot water recrystallization procedure in 1.20 
atom per cent excess H,0'* from which CO, samples yielded by 
pyrolysis were found to contain 0.062 and 0.038 atom per cent 
excess O'8. This represents the exchange of 0.41 and 0.25 atoms 
per mole respectively or 0.10 and 0.06% of each of the 4 identical 
oxygen atoms of fumaric acid, an average of 8% per atom under 
the conditions used). 


a CaCl, drying tube and swirled continuously. The slurry was 
transferred to polyethylene Spinco tubes and centrifuged at 
35,000 x g for 15 minutes. The yellow supernatant was fil- 
tered; the clear filtrate usually contained approximately 10 
pwmoles per ml of 8-diketonic acid according to analysis with 
o-phenylenediamine (2). It was then concentrated under a 
stream of dry air at 70° until the concentration increased to 22 
moles per ml, and the solution was mixed with 7 volumes of 
anhydrous reagent grade CHCl; and allowed to stand for sev- 
eral days in the cold room. A fine yellow precipitate was col- 
lected by centrifugation or by suction filtration on a Hirsch 
funnel. It was washed twice with a few milliliters of CHCl; and 
dried over P.O; in a vacuum in the cold room. The precipitate 
usually consisted of at least 75% of 8-diketonic acid salt and 
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some NaCl. This compound had the characteristic ultraviolet 
spectrum of maleylacetoacetate (11), but could not be decar- 
boxylated with aniline citrate and therefore was presumed to 
be either sodium maleylacetone derived from the MAA in the 
lyophilized material by decarboxylation during the hot ethanol 
extraction, or the ethyl ester of monosodium MAA arising from 
its exposure to hot absolute ethanol. This crude sodium salt 
was then slightly purified and converted to the silver salt (for 
purposes of pyrolysis) by extraction with a minimal volume of 
absolute ethanol for 10 minutes at 70°. A small’ amorphous 
insoluble residue was discarded and the clear yellow solution 
treated with a 2-fold excess of 0.2 m AgNOs (in 95% ethanol) 
on the basis of the monocarboxylic B-diketonic acid content 
estimated by analysis with o-phenylenediamine (2). The silver 
salt precipitated almost immediately and was collected by cen- 
trifugation and washed twice with absolute ethanol to remove 
AgNO;. It was then washed with ether, dried over P.O; in a 
vacuum, and stored at 0° in the dark. The silver precipitate, 
consisting of 65 to 94% of the B-diketonic acid salt and of AgCl 
according to silver analyses and analysis with o-phenylenedia- 
mine, had the characteristic ultraviolet spectrum of FAA (11) 
and had apparently arisen by cis-trans isomerization from the 
sodium salt of the maleyl compound during precipitation with 
AgNO; in alcohol. The catalysis of this isomerization by silver 
ions will be described elsewhere.’ A portion of this silver pre- 
cipitate was pyrolyzed and the resulting CO2 was analyzed for 
CO.'8. Another portion was extracted with dilute aqueous 
HNO; and the AgCl-free extract was reprecipitated with AgNOs, 
washed several times with 95% ethanol, dried over P.Os in a 
vacuum, and analyzed for silver. In duplicate analyses, this 
chloride-free silver salt contained 40.8 and 41.3% silver. A 
comparison of these values with the theoretical values for silver 
fumarylacetone (41.0) and silver fumarylacetoacetic ethyl ester 
(32.3) eliminated the latter as a possible structure. It should 
be noted that, in this isolation procedure, the carbonyl groups of 
crude silver salt were not exposed to water except at the moment 
of silver precipitation when a concentration of 1% water in 
ethanol existed. 


RESULTS AND DISCUSSION 


The incorporation of 1 atom of gaseous oxygen into the ter- 
minal carboxyl group of MAA during the homogentisate oxidase 
reaction is clearly indicated by an average value of 0.94 atom 
of labeled oxygen per mole in the fumaric acid samples recovered 
in the first three experiments listed in Table I. However, the 
appearance of approximately 0.2 atom of labeled oxygen in fu- 
maric samples recovered from the three subsequent experiments 
in which the enzymatic reaction was carried out in H,O" is in- 
consistent with the immediately preceding observation that this 
carboxyl-oxygen arises exclusively from Oz. 

Evidence is presented in Table II that the O'8 from water 
entered the carbonyl group at position 5 of MAA by nonenzy- 
matic exchange and therefore appeared in the carboxyl moiety 
of fumaric acid after enzymatic hydrolysis as shown in Scheme 
1. In a control experiment, an attempt was made to bring 
about complete exchange of both carbonyl oxygens of FAA by 
incubating it in 1.18 atom per cent excess H,O" for 3 hours at 
pH 11 and 25°, after which the pH was adjusted to 6.0 and the 
FAA precipitated with silver. Upon pyrolysis and analysis, 


3 C. T. Kisker and D. I. Crandall, unpublished observations. 
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this Ag2FAA was found to contain 0.346 atom per cent O%, in- 
dicating an incorporation of 1.75 atoms of labeled oxygen per 
mole. The pH was elevated in this experiment since, according 
to Cohn and Urey (8), extreme pH values accentuate the oxygen 
exchange reaction between acetone and water, and since car- 
boxyl groups do not exchange in alkaline solution (4). 
Accordingly, FAA prepared enzymatically in H,O" should 
lose most of its isotopic oxygen in incubation in ordinary water 
at pH 11 if this labeled oxygen is located at position 5, and fu- 
maric acid derived from this FAA should contain much less 
labeled oxygen than the 0.2 atom per mole found in the H,O 
experiments listed in Table I. Furthermore, the O* content 
of FAA generated enzymatically in the presence of O-"* should 
be unaffected by this treatment. The results of alkaline incu- 
bation on the isotope content of FAA are shown in Table II. 
It may be seen that such treatment of FAA prepared enzymati- 
cally in O,!8 had no effect on the O'8 content of the derived fu- 
maric acid in accord with our assumption that the labeled car- 
boxy] of this fumaric acid is derived from the terminal carboxyl 
of FAA. However, similar treatment of FAA generated enzy- 
matically in H,O"* reduced the O'8 content of the derived fumaric 


TABLE II 


Effect of carbonyl-oxygen exchange at pH 11 on O'8 content of fumaric 
acid obtained from labeled fumarylacetoacetate (FAA) 





Crandall, Krueger, Anan, Yasunobu, and Mason 








epentinn 3 Further treatment of Penne ere ode 
: FAA 
heeniguatiaets Ov Observed? Theoretical 
~—% atoms O'8 incor porated /mole 
Oxidase + Enzymatic 0.125 0.94 1.00 
O.!8 hydrolysis 
Carbonyl exchange] 0.122 0.91 1.00 
before enzymatic 
hydrolysis 
Oxidase + Enzymatic 0.029 0.21 0.00 
H,0'8 hydrolysis 
Carbonyl exchange} 0.014 0.10 0.00 
before enzymatic 
hydrolysis 0.017 0.11 0.00 

















* Corrected for carboxyl-oxygen exchange during hot water 
recrystallization. 


HO H.0 
+ 4 


oO O 
HOOC—cH—CH—¢—cH,—¢—cH,—COOH 
ii 
O O 
Hooc—cH—cH——cH,—b—cH,—CooH 
Hol (FAA hydrolase) 


HOOC—CH=CH—COOH + CH;—COCH.—COOH 


ScHEME 1 
Schema for the incorporation of O"* in fumaric acid by incubation 
of FAA (or MAA) with H.08 and subsequent enzymatic hydroly- 
sis. 1.76 atoms O"* per mole are incorporated at pH 11 in 3 hours 
at 25°. Exchange is 88% complete. 
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TaBLe III 


Over-all incorporation of O2'* into maleylacetoacetate in 
homogentisate oxidase reaction 





| | Isolated disilver fumarylacetoacetate (FAA) 
Experiment | Gas phase O2'8 
| Os 





Observed* Theoretical 





atoms % excess | atoms % excess atoms O'8 incor porated /mole 





1 | 1.20 0.101 1.01 2.00 
| 0.096" 0.96" 

2 | 1.20 | 0.111 1.11 2.00 
| 0.104 1.04° 





* Calculation of atoms of oxygen incorporated per mole of FAA 
from isotope analysis: 
Atoms O 
Mole FAA 
Number of atoms of oxygen per molecule of FAA = 6. 


Dilution factor in pyrolysis to CO; = 2. 
> Reprecipitated Ag.FAA. 


Atom % excess O!8 observed X 6 X 2 
Atom % excess O'8 in gas phase 





TABLE IV 


Calculated effect of several possible mechanisms of incorporation of 
oxygen into C;=O of maleylacetoacetate (MAA) on over-all in- 
corporation of oxygen into MAA in homogentisate oxidase reac- 
tion 








: . : Atoms of 018 
Mien ee ecteattaarsa’ | source of o» jncororaed per 
incubation fumarylacetone* 

1. C;—O derived from O2 with no CO- O2 2 
H.O exchange H:0 0 

2. C;=O derived from HO enzymati- O: 1 
cally with no CO-H.O exchange H:0 1 

3. C;=O derived from O:2 or H.O en- O2 1 
zymatically with complete ex- H.0 2 
change of both C;—O and C;=O 

4. C;=O derived from O2 or H:O en- Oz 1 
zymatically with complete ex- HO 1-2 
change of C;—O and partial ex- 
change of C;=O 

5. Cs=O derived from O2 enzymati- Oz 1-2 
cally with partial exchange of H:0 1-2 
C;=O and complete exchange of 
C;=—0 

6. C;=O derived from H:.O enzymati- O2 1 
cally with partial exchange of H.0 2 
C;=O and complete exchange of 
C=0 











2 In all incubations under O2'8, 1 atom of O'8 is incorporated 
into the terminal carboxyl group of MAA and therefore is present 
in the carboxyl group of the isolated silver fumarlyacetone. 


acid appreciably, indicating that at least half and probably all 
of the O"8 incorporation observed here was due to carbonyl ex- 
change at position 5. The failure to remove all of the excess 


isotope from the carbonyl locations in FAA by this means is 
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TABLE V 


Over-all incorporation of labeled oxygen into maleylacetoacetate 
(MAA) during homogentisate oxidase reaction 














Ois 3 Silver fumarylacetone 
| x 3 
Compound incubated with oxidase 8 Atom gas 
Source Atom %| 3 Purity® bd ° 
excess | 3 excess 226 
3 ow ses 

4 < 

min % 

Homogentisate.......... Oz 9.196) 40 85 | 1.093) 0.95 
Homogentisate.......... Oz 9.706) 45 94 | 1.128) 0.93 
Homogentisate.......... HO | 1.228) 15 65 | 0.194) 1.26 
Homogentisate.......... H,0 | 1.054) 18 79 | 0.184) 1.40 
ee iutins 5 i iwase ow e's d H,0 | 1.000} 20¢ 72 | 0.212) 1.70 
MAA 75%,* FAA 25%. ...| H:O | 0.720) 10¢ 73 | 0.143) 1.59 























* Determined by silver analysis and analysis with orthophenyl- 
enediamine. 

> Calculation of atoms of oxygen incorporated per mole of 
fumarylacetone: 

Atoms O 
Mole fumarylacetone 
Atom % excess O" observed X 4 X 2 
Atom % excess O" in gas phase or medium 








Number of oxygen atoms in fumarylacetone = 4. 

Dilution due to conversion of CO to CO: in pyrolysis = 2. 

¢ Prepared by the method of Ravdin and Crandall (2). 

4In the exchange-control experiments, in which preformed 
FAA and MAA were incubated with the oxidase, the incubation 
time was reduced to approximately one-half of the time used in 
the experiments in which MAA was generated enzymatically to 
equalize the average exposure time of MAA or FAA molecules to 
H.O in both types of experiments. 

* Generated enzymatically in nonisotopic medium which was 
lyophilized and resuspended in H,O'* for 10 minutes and imme- 
diately relyophilized. 


not surprising in view of the somewhat incomplete over-all ex- 
change observed in the control experiment. Taken together, 
the various experiments on fumaric acid labeling support the 
conclusion that the terminal carboxyl group of MAA is formed 
by the addition of an atom of oxygen derived from O, to the 
o-phenolic group of homogentisate. 

The source of the carbonyl oxygen at position 3 of maleyl- 
acetoacetate was then investigated by determining the O 
content of enzymatically generated MAA directly. AgeFAA 
was isolated after enzymatic incubations under O,'*, and its 
over-all isotope content was measured to determine whether or 
not more than 1 atom of labeled gaseous oxygen was incorpo- 
rated into MAA. Any incorporation in excess of 1 atom per 
mole would presumably reflect the enzymatic introduction of 
gaseous oxygen into the @-carbonyl position. The results, 
shown in Table III, indicate the apparent incorporation of only 
1 atom of gaseous oxygen into MAA and this is fully accounted 
for by the incorporation of gaseous oxygen into the terminal 
carboxyl group described above. These results show that the 
8-carbonyl group, unlike the terminal carboxyl, arises from 
water rather than from Os, either in the enzymatic oxidation of 
homogentisate or by subsequent nonenzymatic exchange with 
water of this newly formed carbonyl] group. In view of the data 
of Cohn and Urey (8), it seemed likely to us that exchange may 


Oxygen Transfer by Homogentisate Oxidase 
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have occurred during the isolation of FAA, which involved an 
acid deproteinization step rather than during the enzymatic in- 
cubation. 

To eliminate the possibility of oxygen exchange during the 
isolation of FAA, the above experiments were repeated with use 
of the “anhydrous” procedure for the isolation of maleylacetone 
from lyophilized enzymatic incubated material described under 
“Experimental Procedure” (2), in which the final product, silver 
fumarylacetone, was pyrolized and analyzed for O¥%. The homo- 
gentisate oxidase reaction was carried out both in the presence 
of O,"* and in the presence of H,O". In addition, the possible 
extent of nonenzymatic exchange was measured in exchange 
control experiments with preformed MAA and FAA conducted 
in the presence of the oxidase in H,O". A priori, the results 
from these experiments might be expected to distinguish be- 
tween the enzymatic and the nonenzymatic incorporation of 
oxygen into position 3 of MAA since the nonenzymatic exchange 
between H,O and carbonyl-oxygen should affect not only the 
newly formed carbonyl group at position 3 but also the pre- 
formed carbonyl at position 5. The possible results of these 
experiments and their theoretical significance are listed in Table 
IV. 

The results, shown in Table V, are consistent with the fourth 
possibility in Table IV, and indicate complete exchange of the 
Cs; oxygen atom during the short enzymatic incubation and 
partial exchange of the Cs oxygen of MAA with HO and there- 
fore fail to differentiate between O2 and H,0 as the source of 
B-carbony] oxygen in the homogentisate oxidase reaction. How- 
ever, the results of the control experiments in which preformed 
MAA and FAA were incubated with the oxidase in H,O® are 
also consistent with the fourth possibility in Table IV and there- 
fore indicate that data obtained in all of the experiments (Table 
V) in which MAA was generated enzymatically in the presence 
of either O,'* or H,O"* could be the result of not only the terminal 
carboxyl, but also the 8-carbonyl oxygen arising from O, fol- 
lowed by nonenzymatic exchange of both diketonic oxygens 
with H,O in the manner indicated above. 

There is no direct evidence available concerning the relative 
lability of the two ketonic oxygens of MAA. However, it is 
not improbable that they differ in their lability since they differ 
in other properties; only the Cs oxygen of MAA appears to be eno- 
lized at pH 7.4. This might favor the more rapid exchange of 
the C; than of the C; oxygen in these experiments since the enol 
form has been postulated not to be involved in the oxygen ex- 
change between acetone and water and since phenol does not 
undergo exchange (8). On the other hand, the fact that FAA, 
which is completely enolized (11), and MAA show almost the 
same degree of over-all exchange in H,O" (Table V) suggests 
that the degree of enolization is not an important factor in de- 
termining the extent of this exchange. 

Since apparently complete exchange of the C; oxygen of MAA 
occurs during the short enzymatic incubation required for the 
homogentisate oxidase reaction to be brought to completion, 
the source of this oxygen appears to be undeterminable. 


SUMMARY 


1. When the homogentisate oxidase reaction is conducted in 
the presence of gaseous O,"*, 1 atom of labeled oxygen is found 
in the terminal carboxyl group of maleylacetoacetate. The 
carbonyl oxygen at position 3 is unlabeled. 


4C. T. Kisker and D. I. Crandall, unpublished observations. 
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2. When the reaction is conducted in H,0", both carbonyl 
oxygen atoms of maleylacetoacetate are labeled. 

3. The results are consistent with, but do not prove, the hy- 
pothesis that 1 molecule of gaseous oxygen is directly utilized 
in the homogentisate oxidase reaction, but that the 6-carbony] 
oxygen atom of maleylacetoacetate, although initially derived 
from the gas phase, undergoes rapid nonenzymatic exchange 
with the oxygen of water and therefore assumes the isotopic 
composition of the latter. 
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Small polyribonucleotides with 5/’-phosphomonoester end 
groups have been identified by Heppel et al. (1) as the products 
of the hydrolysis of polyadenylic acid by an enzyme from liver 
nuclei. A similar hydrolytic enzyme has been purified from 
extracts of Azotobacter agilis. The phosphodiester bonds of 
poly A! are hydrolyzed as shown below with the formation of 
smaller chains terminated in 5’-phosphate. 


pApApA j pA--pApA j pApA--pApA — pApApA 
+ pA--pApA + pApA--pApA 


The end products are di-, tri-, and tetranucleotides. 

The present paper describes the purification of the bacterial 
enzyme and a detailed study of its mechanism of action with 
poly A as substrate. Its activity on other polymers synthesized 
by polynucleotide phosphorylase (2, 3) has been reported. The 
enzyme hydrolyzes both RNA and DNA from natural sources. 
Studies on the hydrolysis of these polynucleotides are described 
in the accompanying paper (4). 


EXPERIMENTAL PROCEDURE 


Materials—Poly A was prepared as described earlier (2, 5). 
In order to reduce the content of Mg**, solutions were dialyzed 
at 2° in a rocking apparatus for 24 hours against running 0.002 
mM EDTA, pH 7.0, followed by 24 hours against water? EDTA- 
dialyzed poly U, poly C, and poly G were kindly furnished by 
Dr. Marie Lipsett, National Institutes of Health, Bethesda, 
Maryland. 

Carboxymethy] cellulose was obtained from Brown Company, 
Berlin, New Hampshire. It was sieved and the 230 to 325 mesh 
material was used. Just before use, it was washed with water 
and 0.03 m Tris buffer, pH 7.7, and suspended in 0.03 m Tris, 
pH 7.7, to 40 mg per ml. Calcium phosphate gel was obtained 
from Sigma Chemical Company. A suspension containing 29.6 
mg of solids per ml was used. The aged aluminum hydroxide 
gel (Cy) (6) contained 21.6 mg per ml (dry weight). Protamine 
sulfate was obtained from Eli Lilly and Company; bovine serum 
albumin from Armour and Company; mercaptoethanol and 
EDTA from Eastman Kodak Company. 


* Postdoctoral Fellow of the National Science Foundation. 

1 Abbreviations used are: Poly A, polyadenylic acid; poly U, 
polyuridylic acid; poly C, polycytidylic acid; poly G, polygua- 
nylic acid, s.a., specific activity; EDTA, ethylenediaminetetraace- 
tic acid-disodium salt. 

2 This technique was suggested to the authors by Dr. Marie 
Lipsett. 


Growth of Cells and Preparation of Cell-free Extracts—Azoto- 
bacter agilis was grown essentially as described by Grunberg- 
Manago et al. (2). The composition of the medium was as fol- 
lows: KzHPO,, 0.64 g; KH2PO,, 0.16 g; MgSO,-7H.0, 0.20 g; 
NaCl, 0.20 g; CaSO,-2H.0, 0.05 g; sucrose, 20.0 g; NasMoQ,- 
2H.0O, 2.52 mg; ferric citrate, 18 mg (3 mg of iron); and water to 
1 liter. The pH of the medium was between 7.3 and 7.5. The 
cells were grown in a 300-liter capacity fermentor under strong 
aeration at 29-30°. When the optical density of the culture 
reached 0.95 at 650 my in a Beckman model DU spectrophotom- 
eter (without a photomultiplier attachment) the cells were col- 
lected with a Sharples centrifuge. The cells were stored frozen 
for as long as 1 year with no detectable loss of enzyme. 

Cell-free extracts were prepared in a Waring Blendor with 
glass beads to rupture the cells (7). A 1-quart Waring Blendor 
was used with a Variac to regulate the speed. Operations were 
carried out in a room maintained at —16°. To 150 g of cells 
in the Blendor were added 80 ml of 0.01 m potassium phosphate 
buffer, pH 7.5. The cells and buffer were mixed well in the 
Blendor by slowly increasing the speed to one-fourth of maxi- 
mum. Then 450 g of glass beads (average diameter, 200 yp) 
which had previously been cooled to —16° were added slowly. 
The suspension was homogenized for a total of 15 minutes at 
two-thirds of maximal speed. When the temperature rose above 
10°, the Blendor contents were cooled to 0-2° before continuing 
with the homogenization. When the homogenization was com- 
plete, an additional 400 ml of buffer were added and the slurry 
was mixed for 10 minutes. After allowing the beads to settle, 
the supernatant solution was removed. The beads were washed 
twice with 150 ml of buffer. The combined supernatant solu- 
tions were centrifuged for 30 minutes at 20,000 x g. The vol- 
ume of the supernatant solution was about 500 ml, and it con- 
tained 15 to 20 mg of protein per ml. About 70% of the cell 
protein is recovered in the extract. The supernatant solution 
could be stored at —20° for 1 year with no loss in activity of the 
nuclease. 

Assay of Enzyme—The enzyme activity was determined by 
measuring the liberation of acid-soluble oligonucleotides with 
poly A as substrate. The reaction mixture contained 0.34 umole 
of poly A, 2.5 wmoles of Tris buffer, pH 7.7, 0.05 umole of mer- 
captoethanol and enzyme in a final volume of 0.06 ml. With 
the most purified enzyme, 15 wg of bovine serum albumin were 
also included in the incubation mixture. After incubation at 
37° for 30 minutes, the reaction was stopped by the addition of 
0.34 ml of 3% perchloric acid. After 10 minutes at 0°, the pre- 
cipitate was removed by centrifugation at 2°. The supernatant 
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solution, 0.1 ml, was diluted to 1.0 ml with water and the ab- 
sorbancy was measured at 257 my in a Beckman model DU 
spectrophotometer. The absorbancy was calculated per total 
incubation mixture. Because of the nature of the action of the 
purified enzyme, a lag in the formation of acid-soluble products, 
followed by a linear rate of their formation to the stage of com- 
plete acid-solubilization, is found. Since there is an initial lag 
in the formation of acid-soluble products, a linear relationship 
between acid-soluble absorbancy values and enzyme activity is 
not found. For presentation of the results on the isolation of the 
enzyme, one unit of activity was defined as the amount giving 
an optical density increase of 2.0 per total incubation mixture. 
This optical density increase corresponds to the conversion of 
approximately 45% of the poly A to a mixture of acid-soluble 
oligonucleotides. Several enzyme levels (giving optical density 
readings of 0.8 to 2.8, that is, on the linear part of the acid-solu- 
bilization curve) of each fraction were assayed and curves relating 
absorbancy values to enzyme concentration were plotted. The 
amounts of enzyme giving an absorbancy increase of 2.0 per 
incubation mixture were determined from the curves. Other 
results are presented in which acid-soluble absorbancy values 
are given as a measure of the reaction. The results must be 
interpreted with the lag curve of acid-solubilization in mind. 
The acid-solubilization assay is related to a linear end group 
assay under “Results.” 

A rapid method of assay is essential in routine studies of nu- 
cleases, and measurement of formation of acid-soluble products 
is often used. However, nonlinearity between acid-soluble 
products formed and enzyme activity is often found, because the 
first bonds cleaved by many nucleases do not result in liberation 
of acid-soluble-products. With these enzymes, measurement of 
formation of new end groups (8) or liberation of titratable acidic 
groups (9) are more satisfactory assays for kinetic studies. For 
routine studies, however, they are tedious. 

DEAE-cellulose Column Chromatography—The DEAE -cellu- 
lose column chromatography was carried out by Dr. Matthys 
Staehelin (10). The fractions containing the oligonucleotides 
were lyophilized to remove the ammonium bicarbonate. 

Paper Electrophoresis and Paper Chromatography—Electro- 
phoretic separations of nucleosides, nucleoside monophosphates, 
and nucleoside diphosphates were carried out according to Mark- 
ham and Smith (11). Strips (56 x 9 cm) of Whatman No. 
3MM paper saturated with 0.05 m potassium phosphate buffer, 
pH 7.0, were used and a potential of 750 volts was applied across 
the paper. Descending paper chromatography was carried out 


TABLE I 


Isolation of enzyme—Procedure I 

















Fraction Units per ml | Total units wie ition br 
mg per ml sperek = Sas 
Zine ethanol I*...... 570 10,830 15.0 38 
Protamine..........: 200 6,000 0.8 250 
_ SE eee 100 3,300 0.3 333 
Heated Cy gel....... 100 3,300 0.3 333 
Calcium phosphate 
gel eluate.......... 2532 2,019 1.9 1333 








* Obtained from 500 ml of crude extract as described by Ochoa 
(15). 
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TaBLe II 
Isolation of enzyme—Procedure II 





Siete Units| Total | Protein | specific 


per ml| units ation activity 





unils per m 
mg per ml protein 8 


Ammonium sulfate I (0.35- 
0.55 saturation).............| 750} 165,000} 25 30 
Ammonium sulfate II (0.45- 
0.75 saturation) 


Sie) Bid, bit) sp ily. 1500} 177,000) 15 100 

Prossmame. 22. 222A 651) 130,200) 3 217 

Ope. 6S. 2 YORE 333| 79,920) 1.5 222 

Heated Cy gel:........0:.0 08. 231; 55,440) 1.5 154 
Carboxymethy! cellulose frac- 

MOMS. 5:4 midis cace atobons 500} 30,000) 0.5 1000 

















with Whatman No. 3MM paper and n-propanol-concentrated 
ammonium hydroxide-water as the solvent system (12). 

Compounds were located on the papers with an ultraviolet 
lamp, and were eluted with water or with 0.01 n HCl. The 
concentrations of the compounds were determined by measuring 
the optical densities of the eluates at the appropriate wave 
lengths. Blanks were used to correct for ultraviolet-absorbing 
material in the paper itself. 

Protein Determination—Protein was determined according to 
the phenol method of Lowry et al. (13). 

Polymer Concentration—The concentration of polymer is ex- 
pressed as total phosphate as determined by the method of Fiske 
and SubbaRow (14). 


RESULTS 
Isolation of Enzyme 


Two methods of isolation of the enzyme from A. agilis are 
described below. Procedure I involves the use of a zinc-ethanol 
fraction rejected in the fractionation of polynucleotide phos- 
phorylase (15). Both enzymes can, therefore, be obtained from 
the same extract. Since there were large losses of enzyme and 
complications in further purification, the procedure is described 
only briefly. More reproducible results and better yields were 
obtained by the series of steps presented in Procedure II. 

Both methods of purification were followed by measuring 
acid-soluble products formed from poly A. This assay was not 
specific, since the early fractions contained large amounts of 
phosphodiesterases that form 5’-AMP from poly A. These 
contaminating enzymes were not removed until the alumina Cy 
step, described below. As an additional complication, the crude 
extract showed little activity under standard assay conditions, 
possibly due to the presence of inhibitors. These effects make a 
quantitative evaluation of the over-all purification and recovery 
impossible. The results of the two procedures of purification are 
shown in Tables I and II. 

Procedure I—A\l\ operations were carried out at 0-4° except 
as indicated. The zinc-ethanol fraction I was obtained as de- 
scribed (15) from 500 ml of crude extract. The precipitate was 
dissolved in 0.01 m potassium phosphate buffer, pH 7.4, contain- 
ing 0.001 m EDTA. It was dialyzed overnight against 5 liters 
of the same solution with one change of buffer. This was fol- 
lowed by a running dialysis against 10 liters of 0.01 m Tris buffer, 
pH 7.7, 0.001 m mercaptoethanol, 0.001 m EDTA for 18 hours. 
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The dialyzed zinc-ethanol fraction was diluted with 0.01 m 
Tris buffer, pH 7.7, to a protein concentration of 10 mg per ml. 
A 1% solution of protamine sulfate, 0.15 ml per ml, was added 
until further addition resulted in precipitation of the enzyme. 
After centrifuging the supernatant solution was adjusted to pH 
6.3 with 1 m sodium acetate buffer, pH 5.6, and alumina Cy gel, 
0.15 ml per ml, was added. After stirring for 10 minutes the 
mixture was centrifuged, and the supernatant solution was ad- 
justed to pH 5.5 with 1 N acetic acid. The solution was heated 
for 20 minutes at 55°. Calcium phosphate gel, 0.065 ml per ml, 
was added with stirring to the slightly turbid solution. After 
10 minutes, the mixture was centrifuged. The gel precipitate 
was eluted by stirring with 0.2 saturated ammonium sulfate 
(0.062 ml per ml of original heated Cy fraction). The elution 
was repeated and solid ammonium sulfate was added to the two 
eluates to bring the saturation to 0.90 (0.50 g per ml). The 
precipitate was collected and dissolved in 0.01 m Tris buffer, 
pH 7.7, 0.001 m mercaptoethanol (0.025 ml per ml of heated 
Cy fraction). 

The resulting solution was stored at —20° for 1 month with 
no loss in activity. The enzyme could be dialyzed, but then 
lost activity rapidly on storage. 

The final fraction was free of phosphatase activity. In experi- 
ments to be described below, fractions from this procedure are 
denoted by I after the fraction. 

Procedure II—All operations were again carried out at 0—4° 
except as indicated. Five hundred milliliters of crude extract 
(19 mg of protein per ml) were diluted with 0.01 m potassium 
phosphate buffer, pH 7.5, to a protein concentration of 10 mg 
per ml. Solid ammonium sulfate, 208 mg per ml, was added 
over a 15-minute period (0.35 saturation). After stirring for 15 
minutes the mixture was centrifuged for 30 minutes at 23,000 x 
g. The supernatant solution was carefully removed and 127 
mg per ml of solid ammonium sulfate were added as above (0.55 
saturation). The precipitate was collected and dissolved in 75 
ml of 0.01 m Tris buffer, pH 7.7, 0.001 m mercaptoethanol, 0.001 
m EDTA. The solution was dialyzed against 200 volumes of 
the same fluid for 18 hours. The dialyzed solution was diluted 
with 0.01 m Tris, pH 7.7, 0.001 m mercaptoethanol to a protein 
concentration of 10 mg per ml. Over a 10-minute period satu- 
rated ammonium sulfate (pH 8.0 at a 1:5 dilution) was added to 
give a saturation of 0.45. After stirring for 15 minutes, the 
mixture was centrifuged for 10 minutes at 23,000 x g. Satu- 
rated ammonium sulfate was added to a final saturation of 0.75. 
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Fie. 1. Effect of Mg** concentration on the hydrolysis of 
EDTA-dialyzed poly A. The reaction mixtures contained 0.35 
pmole of EDTA-dialyzed poly A, 2.5 umoles of Tris buffer, pH 7.7, 
0.05 pmole of mercaptoethanol, 4.2 ng of heated Cy gel fraction II, 
8.a, 230, and MgCla, as indicated, in a final volume of 0.06 ml. The 
mixtures were incubated for 30 minutes at 37° and the absorbancy 
of the acid-soluble products per incubation mixture was meas- 
ured. 
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The precipitate was collected as above, and dissolved in 50 ml 
of 0.01 m Tris buffer, pH 7.7, 0.001 m mercaptoethanol, 0.001 u 
EDTA and dialyzed as above. 

The dialyzed solution was diluted with 0.01 m Tris, pH 7.7, 
0.001 mM mercaptoethanol to 10 mg per ml. A 1% solution of 
protamine sulfate, 0.25 ml per ml, was added with stirring. After 
10 minutes, the mixture was centrifuged for 20 minutes at 23,000 
xg. The supernatant solution was adjusted to pH 6.3 by the 
addition of 1 m sodium acetate, pH 5.6, and a Cy gel suspension 
(0.25 ml per ml) was added. After stirring for 10 minutes, the 
suspension was centrifuged for 10 minutes at 9100 x g. The 
supernatant solution was adjusted to pH 5.0 by the addition of 
0.5 N acetic acid. This solution was heated for 20 minutes at 
55°, cooled, and adjusted to pH 7.7 with 0.5 Nn ammonium hy- 
droxide. 

To 8 ml of the heated Cy enzyme were added 2.4 ml of a car- 
boxymethyl cellulose suspension (40 mg of cellulose per ml). 
After stirring for 5 minutes, the suspension was filtered through 
a coarse 0.8-cm sintered glass funnel. The solution was allowed 
to run through slowly and the cellulose was washed three times 
with 5 ml of 0.03 m Tris, pH 7.7. Air pressure was applied to 
free the cellulose of most of the remaining liquid. Elution of the 
enzyme was then carried out with two applications of 1 ml of 
0.25 m NaCl, 0.03 m Tris, pH 7.7, poured on the funnel. Air 
pressure was applied to express the residual fluid; 50 to 75% of 
the activity could be eluted from the cellulose. 

The heated Cy fraction could be stored frozen for several 
months with no loss in activity. The carboxymethyl cellulose 
eluate could be stored at 2—4° for several months with little loss 
in activity. Freezing of this fraction resulted in variable, but 
usually large losses. Dialysis after addition of serum albumin 
to a concentration of 0.05% resulted in 10 to 50% loss in ac- 
tivity. The dialyzed enzyme lost about 50% of its activity in 
1 week when stored at 2°. 

The carboxymethyl! cellulose fraction showed no detectable 
phosphatase activity. Fractions from Procedure II are denoted 
by II after the fraction in the experiments described below. 

Optimal Conditions—The enzyme showed optimal activity at 
pH 7.7 and activity fell off sharply below pH 7.0 and above pH 
8.5. Albumin and sulfhydryl reagents stimulated the activity 
of the carboxymethy] cellulose fraction II by 5 to 10%. 

When the substrate used was poly A, isolated as described 
previously (2, 5), no metal requirement could be demonstrated. 
It was observed, however, that the hydrolysis of this poly A by 
the purified fractions was inhibited by 0.01 m EDTA. If the 
poly A was dialyzed against EDTA (“Methods”) before use in 
the assay, Mg++ stimulated the reaction. A plot of Mg++ con- 
centration against activity is shown in Fig. 1. Mg++ stimulates 
optimally at a concentration of one Mg++ per two phosphates in 
poly A (one equivalent per phosphate). At this Mg++ level, 
the EDTA-dialyzed poly A was hydrolyzed at the same rate as 
the poly A which was not dialyzed against EDTA; so this latter 
poly A must contain at least one equivalent of Mg*+ per phos- 
phate. Mnt++ and Co** also stimulated, but, at concentrations 
equal to the optimal Mg++ concentration, precipitated the poly 
A. 

Urea (2 m) stimulated the hydrolysis of poly A by 5 to 10%. 


Mechanism of Hydrolysis of Poly A 


Linearity of Cleavage of Phosphodiester Bonds—In Fig. 2, data 
are presented which demonstrate the formation of acid-soluble 
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Cy gel fraction II, s.a. 222, as indicated. B, Components as for 
assay (‘‘Methods’’) with 4.5 wg of a Cy gel fraction II, s.a. 222. 
The reaction mixtures in A were incubated 30 minutes at 37°; in 
B, as indicated, at 37°. The absorbancy of the acid-soluble prod- 
ucts per incubation mixture was measured. 


products from poly A both as a function of enzyme concentration 
(Fig. 2A) and of time (Fig. 2B). In each case a linear relation 
is obtained only after an initial lag. It can be demonstrated, 
however, that the cleavage of phosphodiester bonds is indeed 
proportional to enzyme concentration. The apparent lag in 
acid-solubilization can be explained by the initial formation of 
relatively large, acid-insoluble polynucleotide. The linear re- 
lation between hydrolysis of phosphodiester bonds and enzyme 
concentration wasshowninthe followingexperiment. These data 
also serve to identify the products of the nuclease action on 
poly A as oligonucleotides with 5’-phosphomonoester end groups. 

Poly A was incubated with increasing concentrations of en- 
zyme, and the hydrolysates were treated with alkali. The re- 
sulting digests were then analyzed for adenosine and adenosine 
3’(2’) ,5’-diphosphate. Alkaline hydrolysis of adenylic oligo- 
nucleotides with 5’-phosphomonoester end groups yields equiva- 
lent amounts of adenosine and adenosine 3/(2’) ,5’-diphosphate 
(8). Fig. 3 shows that equivalent amounts of the two com- 
pounds were formed after the treatment and that their formation 
is proportional to the initial enzyme concentration almost to the 
stage of complete acid-solubilization of the poly A. The dashed 
line (Fig. 3) shows the course of acid-solubilization for compari- 
son. 

Products of Hydrolysis of Poly A—A hydrolysate of poly A 
which was 100% acid-soluble was chromatographed on a DEAE- 
cellulose column. The elution pattern of the small oligonucleo- 
tides which are present is shown in Fig. 4. 

The oligonucleotides were recovered and identified by methods 
described in the literature. Incubation with snake venom phos- 
phodiesterase resulted in rapid and complete conversion to 5’- 
AMP (17-20). This enzyme is almost without activity on 
oligonucleotides with 3’-phosphomonoester end groups (17, 
21-23). Removal of the 5’-phosphate group with seminal plasma 
phosphomonoesterase yielded a new series of oligonucleotides 
identified by their chromatographic behavior (1). Alkaline hy- 
drolysis of the oligonucleotides gave the anticipated products in 
the amounts expected (Table III) (8). Thus, pApA yielded 
equivalent amounts of adenosine 3/(2’),5’-diphosphate and 
adenosine and the trinucleotide, pApApA, yielded equivalent 
quantities of adenosine 3’(2’) ,5’-diphosphate, 3’(2’)-AMP, and 
adenosine. 


Fic. 3. Proportionality between hydrolysis of phosphodiester 
bonds and enzyme concentration—formation of adenosine and 
adenosine 3/(2’),5’-diphosphate on alkaline treatment of the 
products of the hydrolysis of poly A. The reaction mixtures con- 
tained 2.3 uymoles of EDTA-dialyzed poly A, 2.2 ymoles of MgClo, 
16.5 umoles of Tris buffer, pH 7.7, 0.33 umole of mercaptoethanol, 
and a carboxymethyl cellulose fraction II, s.a. 570, as shown, in a 
final volume of 0.40 ml. After incubating for 30 minutes at 37°, 
0.06 ml of each was assayed for acid-soluble products. To 0.30 
ml of each was added 0.15 ml of 1 N KOH and incubation was con- 
tinued for 18 hours at 37°. The alkaline digests were neutralized 
with 2 n HClO,. The supernatants were applied to paper, and 
subjected to paper electrophoresis for determination of adenosine 
and adenosine 3’(2’) ,5’-diphosphate,’ as described under ‘“Meth- 
ods.’’ The results are expressed per total incubation mixture. 
O——O, adenosine; @——@, adenosine 3’(2’) ,5’-diphosphate; 
O----- O, acid-soluble absorbancy. 
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Fic. 4. DEAE-cellulose chromatography of the products of 
hydrolysis of poly A at complete acid-solubilization. Poly A, 60 
mg, was incubated with 150 umoles of Tris buffer, pH 7.7, 15 umoles 
of mercaptoethanol, and 0.9 mg of a heated Cy gel fraction I, s.a. 
220, in a total volume of 9.0 ml for 7.5 hours at 37°. The reaction 
mixture was cooled and deproteinized by treatment with chloro- 
form and isoamy] alcohol (16). One-half of the solution was then 
chromatographed on a DEAE-cellulose column (10). ——, ab- 


sorbancy, 260 mu; —--—, molarity of ammonium bicarbonate used 
for elution. 





1000 


A hydrolysate in which only 10% of the poly A was acid- 
soluble was also chromatographed on a DEAE-cellulose column. 
The elution pattern of the larger polynucleotides formed at this 
stage of the hydrolysis is shown in Fig. 5. Poly A chromato- 
graphed on a similar column before incubation with the enzyme, 


*The concentration of adenosine 3’(2’),5’-diphosphate was 
calculated with the use of a molar extinction coefficient of 15,400 
at 259 my, pH 7.0. 


























TABLE III 


Products of alkaline hydrolysis of oligonucleotides that 
were separated on DEAE-cellulose columns 

Dinucleotide, 0.114 pmole; trinucleotide, 0.042 umole; tetra- 
nucleotide, 0.096 umole; and pentanucleotide, 0.085 umole were 
incubated for 18 hours at 37° with 0.3 Nn KOH in a final volume of 
0.15 ml. After neutralization with HCl, the incubation mixtures 
were subjected to paper electrophoresis and the products deter- 
mined after elution with 0.01 Nn HCl as described under ‘‘Meth- 
ods.”’ 
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Fig. 5. DEAE-cellulose chromatography of the products of 
hydrolysis of poly A at 10% acid-solubilization. Poly A, 17.5 
umoles, was incubated with 25 umoles of Tris buffer, pH 7.7, 2.5 
pmoles of mercaptoethanol, and 0.10 mg of a Cy gel fraction I, 
s.a. 330, in a total volume of 3 ml for 30 minutes at 37°. An assay 
showed that 10% of the poly A was converted to acid-soluble frag- 
ments. The reaction mixture was treated with chloroform and 
isoamy] alcohol as described in Fig. 4 and chromatographed on a 
DEAE column. The column was eluted with the same ammonium 
bicarbonate gradient as in Fig. 4. At the arrow, the gradient 
elution was stopped and the column was eluted with 75 ml of 1 m 
ammonium formate, 0.2 M ammonium hydroxide. ——, absorb- 
ancy; —-:—, molarity of ammonium bicarbonate. 


is not eluted by the highest concentration of ammonium bicar- 
bonate reached in these experiments. The demonstration of the 
formation of large oligonucleotides at an early stage in the diges- 
tion shows that the enzyme does not act by cleaving short frag- 
ments from the ends of the long poly A chains, but rather carries 
out a random cleavage, hydrolyzing the chains to form smaller 
fragments. This mechanism was also suggested by the lag in 
acid-solubilization, mentioned above. 

The effect of increasing enzyme concentration on the distribu- 


4 The concentration of each adenylic oligonucleotide was calcu- 
lated by assuming that the molar extinction coefficient was ap- 
proximated by the product of the number of AMP units and the 
molar extinction coefficient of 15,400 of AMP at 259 my, pH 7.0. 
The calculation neglects the hypochromicity of oligonucleotides 


(5). 
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Fig. 6. Effect of enzyme concentration on the oligonucleotides 
formed from poly A. The reaction mixtures contained 0.35 umole 
of poly A, 2.5 umoles of Tris buffer, pH 7.7, 0.05 wmole of mercap- 
toethanol, and a dialyzed calcium phosphate fraction I, s.a. 660, 
as indicated, in a final volume of 0.10 ml. After incubating for 2 
hours at 37°, the reaction mixtures were applied to paper and 
chromatographed for 63 hours as described under ‘‘Methods.”’ 
The oligonucleotides were eluted with 0.01 n HCl and determined.® 


tion of acid-soluble products formed from poly A was investigated 
and the results are shown in Fig. 6. All the enzyme levels re- 
sulted in complete acid-solubilization of the poly A. With 2.7 
units of enzyme, poly A is converted completely to oligonucleo- 
tides of chain length less than six. Tri- and tetranucleotides 
predominate. It may be observed that the trinucleotide reaches 
a maximal concentration when the pentanucleotide is almost 
completely hydrolyzed. The tetranucleotide decreases very 
slowly, with a corresponding increase in dinucleotide. No mono- 
nucleotide is formed even with the highest concentration of en- 
zyme used. The absence of mononucleotide formation and the 
accumulation of di- and trinucleotides suggested that the phos- 
phodiester bonds proximal to the nucleoside end or the 5’-phos- 
phomonoester end of the oligonucleotides are extremely resistant 
to cleavage. 

Hydrolysis of Oligonucleotides—The resistance of terminal 
phosphodiester bonds to hydrolysis was further shown by the 
results of other experiments in which the oligonucleotides isolated 
from the DEAE-cellulose column were incubated with the en- 
zyme. The results of the incubations are shown in Table IV. 
It can be seen that the pentanucleotide is cleaved to a tri- and 
dinucleotide. The tetranucleotide is split at a much slower rate 
to give dinucleotide. In contrast to the results presented in the 
previous paragraph with a different enzyme preparation, small 
amounts of 5’-AMP were formed when the highest concentra- 
tion of enzyme was used. This may indicate an extremely slow 
hydrolysis of terminal linkages but may also be due to a very 
slight diesterase contamination in the carboxymethyl cellulose 
fraction II. 

Oligonucleotides lacking the 5’-phosphomonoester end group 
(ApApApApA and ApApApA) were also incubated with the 
nuclease. They were found to be cleaved at a rate less than 
10% of that of those with 5’-phosphate end groups. 


Hydrolysis of Other Synthetic Polyribonucleotides 


The results of studies on the hydrolysis of other synthetic 
polymers (prepared with polynucleotide phosphorylase) by the 
nuclease are shown in Table V. The rates of hydrolysis were 
compared by measuring the increases in nucleosides after alkaline 
hydrolysis of reaction products as described for poly A (Fig. 3). 
No hydrolysis of poly U, poly C, and poly G occurred with 4 
level of enzyme which resulted in the complete acid-solubiliza- 
tion of poly A at the optimal Mg++ concentration. Increasing 
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TaBLe IV 
Enzymic hydrolysis of oligonucleotides 

Dinucleotide, tetranucleotide, and pentanucleotide, as indi- 
cated, were incubated with 2.5 ymoles of Tris buffer, pH 7.7, 0.05 
umole of mercaptoethanol, 15 ug of serum albumin, one equivalent 
of MgCle per phosphate, and a dialyzed carboxymethy] cellulose 
fraction II, s.a. 800, as indicated, for 2 hours at 37°, in a final vol- 
ume of 0.05 ml. Trinucleotide, pApApA (0.031 umole), was in- 
cubated with two-thirds of the above additions in two-thirds of 
the volume. The incubation mixtures were chromatographed on 
paper for 24 hours and the compounds eluted with 0.01 nN HCl as 
described under ‘‘Methods.”’ 


























Enzyme Products 
Oligonucleotide incubated concen- 
tration | pApApA | pApA 5'-AMP 
pmoles* unitst umole pmole > asia a 
pApApApApA 0.046 5 0.028 0.029 t 
pApApApA _ 0.049 5 t | 0.008 
0.049 15 t | 0.024 0.005 
| | 
pApApA 0.031 15 | t | 0.005 
pApA 0.049 15 | | 0.005 


| 





* See text footnote 3. 

+ As Fig. 6 shows, 2.7 units of enzyme converted 0.35 umole of 
poly A to oligonucleotides of chain length less than six under 
similar conditions. 

t Not detectable with ultraviolet lamp on paper chromatogram. 


the enzyme concentration 10-fold resulted in appreciable hy- 
drolysis of poly U, which was maximal at a Mg** concentration 
of 1 equivalent per phosphate in poly U (Table V). Poly C 
showed slight hydrolysis when the enzyme concentration was 
increased 30-fold over that required for poly A. Poly G was not 
hydrolyzed even with the highest concentration of enzyme. 

It is possible that the resistance of poly C and poly G and 
the lesser susceptibility of poly U to hydrolysis is due to the 
secondary structure of these polymers. Addition of 2 m urea 
to the incubation mixtures did not increase the rate of hydrolysis 
in the presence of one equivalent of Mg++ per phosphate in the 
polymers. 


DISCUSSION 


The mode of hydrolysis of poly A by the nuclease from A. 
agilis is similar to that of the enzyme from liver nuclei (1, 24).® 
Their action on poly A is unique in two ways. First, the phos- 
phodiester bonds are hydrolyzed to form new 5/-phosphomono- 
ester end groups. Second, the end products are acid-soluble 
oligonucleotides; mononucleotide formation is very slight. 

All of the other endonucleases which hydrolyze polyribonu- 
cleotides yield products which are terminated with 2’ ,3’-cyclic 
phosphodiester groups or 3’-phosphomonoester groups. Their 
action is not a strict endonucleolytic one, since mononucleotides 
are usually among the early products. The action of all of them 
except one described below proceeds in two steps. The first is 
an intramolecular transphosphorylation to form products with 
2’,3’-cyclic phosphodiester end groups. The second is a hy- 
drolysis of all or some of the 2’,3’-cyclic phosphate groups to 
3’-phosphate groups. 


°M. Lipsett and L. A. Heppel, personal communication. 
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TABLE V 
Rates of hydrolysis of synthetic polymers 

Poly A,* 0.34 umole; poly U, 0.34 umole; poly C, 0.40 umole; 
and poly G, 0.40 umole were incubated with 2.5 wmoles of Tris 
buffer, pH 7.7, 0.05 umole of mercaptoethanol, 15 ug of albumin, 
and MgCl. and a dialyzed carboxymethyl] cellulose fraction II, 
s.a. 800, as indicated, in a final volume of 0.06 ml. After 1 hour 
at 37°, 0.03 ml of 1 n KOH was added to each and they were incu- 
bated for 18 hours at 37°. After neutralization, the reaction mix- 
tures were applied to paper and the nucleosides separated by 
electrophoresis and determined as described under ‘‘Methods.’’ 











Enzym M Nucleoside after 
Polymer oneuenuiie eames ts drolysi 2 
units ee _ umole 
Poly A 0.43 0 0.010 
0.43 1 0.052 
Poly U 2.15 1 0.019 
4.30 0 0.015 
4.30 0.04 0.029 
| 4.30 : 0.040 
Poly C | 12.9 0 Tt 
12.9 0.04 T 
| 12.9 1 0.006 
Poly G | 12.9 0 T 
12.9 0.04 Tt 
| 12.9 1 t 











* All the polymers were dialyzed against EDTA. 
{+ The amount of nucleoside was too low to be detected. The 
sensitivity of the determinations was +0.005 umole. 


Of the endonucleases with a two-phase action, pancreatic 
ribonuclease has been extensively studied (17, 21, 25). It shows 
a specificity for pyrimidine linkages, and oligonucleotides with 
2’ ,3’-cyclic phosphodiester end groups and consisting of purine 
nucleoside units terminated by a pyrimidine residue as well as 
2’ ,3’-cyclic pyrimidine mononucleotides are the products of the 
initial transphosphorylation reaction. The cyclic phosphate 
groups may then be hydrolyzed to 3’-phosphate groups. A 
spleen ribonuclease (26) and an alkaline ribonuclease from liver 
(27-29) show activity similar to pancreatic ribonuclease. A 
ryegrass ribonuclease (30), the enzymes from pea leaf (31, 32) 
and tobacco leaf (33, 34) and the acid ribonuclease from liver 
(27-29) cleave the phosphodiester bonds of polyribonucleotides 
in a similar manner, but these enzymes show no linkage speci- 
ficity. RNase T; (35-37) shows a two-phase action on com- 
mercial yeast RNA and a specificity for guanosine linkages. 
The action of RNase T, (35, 38) is less well defined, as are the 
mechanisms of certain ribonuclease preparations from spleen 
(39, 40) and serum (41). 

A nuclease from Micrococcus pyogenes var. aureus (42-44) 
shows a direct hydrolytic attack of the phosphodiester bonds of 
RNA. Oligonucleotides with 3’-phosphomonoester end groups 
and 3’-mononucleotides are formed. The enzyme also hydro- 
lyzes DNA. 

The action of the nuclease from A. agilis is thus quite different 
from the two-phase action of most of the other endonucleases 
which cleave polyribonucleotides. Its direct hydrolytic attack 
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is similar to that of the enzyme from Micrococcus pyogenes; how- 
ever, the products of its action on poly A, having 5’-phospho- 
monester end groups and not being contaminated with mono- 
nucleotides, are unique. 


The authors wish to thank Dr. Leon A. Heppel for suggesting 
this problem and for many helpful discussions. 


SUMMARY 


A nuclease has been purified from extracts of Azotobacter agilis 
and its mode of hydrolysis has been studied with polyadenylic 
acid as substrate. Polyadenylic acid is hydrolyzed to small 
oligonucleotides with 5’-phosphomonoester end groups. Hy- 
drolysis of shorter chains is much slower than longer chains. 
The adenylic pentanucleotide is cleaved to a tri- and a dinucleo- 
tide, the tetranucleotide at a much slower rate to two dinucleo- 
tides. Terminal phosphodiester bonds are very resistant. 

Polyuridylic acid and polycytidylic acid are hydrolyzed very 
slowly; no hydrolysis of polyguanylic acid was detected. 
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The isolation of a nuclease from extracts of Azotobacter agilis 
and a study of its mode of action with polyadenylic acid as sub- 
strate have been described in Paper I of this series (1). The 
enzyme has been shown to be an endonuclease which hydrolyzes 
poly A! with the formation of oligonucleotides with 5’-phospho- 
monoester end groups. 

This paper describes studies on the hydrolysis by the nuclease 
of RNA and DNA, isolated from natural sources. Certain fac- 
tors involved in the hydrolysis of RNA are described. The 
mode of hydrolysis of RNA and DNA is the same as that de- 
scribed for poly A (1). 


EXPERIMENTAL PROCEDURE 


Materials—Yeast RNA was prepared by the method of Crest- 
field et al. (2). S-RNA from rat liver was prepared by a modifi- 
cation of the phenol method (3, 4) described by Hoagland et al. 
(5). Commercial yeast RNA was obtained from Schwarz Lab- 
oratories, Inc. It was dialyzed for 72 hours against distilled 
water and lyophilized. EDTA-dialyzed RNA solutions were 
prepared as described in the previous paper (1). 

Salmon sperm DNA was obtained from California Corporation 
for Biochemical Research. An EDTA-dialyzed preparation was 
prepared as described (1). 

DEAE-cellulose and carboxymethy] cellulose were obtained 
from Brown Company. They were sieved and the 230 to 325 
mesh fractions were used. Before use the DEAE-cellulose was 
washed successively with several volumes of 0.5 Nn NaOH, water, 
and 0.02 m Tris-formate buffer, pH 8.6. It was then equili- 
brated with 0.01 m ammonium bicarbonate, pH 8.6. The car- 
boxymethyl] cellulose was washed as described (1). 

The preparation of the fractions of the nuclease that were used 
is described in the accompanying paper (1). The fractions from 
Procedures I and II are designated by a I or II following the 
fraction. Venom phosphodiesterase was prepared by a slight 
modification of the method of Koerner and Sinsheimer (6). 

Assay of Acid-solubilization of Substrates—The reactions were 
stopped, unless otherwise specified, by the addition of 3% per- 
chloric acid (0.34 ml per 0.06 ml of reaction mixture). After 10 
minutes at 0°, the precipitates were removed by centrifugation 
at 0°. The supernatant solution, 0.1 ml, was diluted to 1.0 ml 
with water and the absorbancy was measured at 260 my in a 
Beckman model DU spectrophotometer. In some cases, ura- 


* Postdoctoral Fellow of the National Science Foundation. 

1 Abbreviations used are: poly A, polyadenylic acid; EDTA, 
ethylenediaminetetraacetate; S-RNA, RNA from the 100,000 X g 
supernatant fraction. 


nium acetate-perchloric acid (7) was used in the same proportions 
to stop the reaction. The same limitations in the interpretation 
of the results in which acid-soluble absorbancy values are pre- 
sented as a measure of the reaction are imposed by the use of this 
assay as are described in the accompanying paper (1). 

DEAE-cellulose Column Chromatography—A washed DEAE- 
cellulose suspension was poured into a column, 0.95 cm? x 25 
cm, and the cellulose was allowed to settle by gravity only. The 
column was left at 4° for 2 hours before use. After the solution, 
adjusted to pH 8.6, was applied, the column was washed with 
100 ml of 0.01 m ammonium bicarbonate, pH 8.6. Gradient 
elution was then started. The gradient system consisted of a 
constant volume mixing chamber containing 200 ml of 0.01 mu 
ammonium bicarbonate, pH 8.6, into which flowed 200 ml of 
1.0 M ammonium bicarbonate, pH 8.6. A flow rate of 3 to 4 ml 
per minute was maintained. Fractions (8 ml) were collected 
and the optical density of each was measured at 260 my. 

Carboxymethyl Cellulose Column Chromatography—A carboxy- 
methy] cellulose column, 0.6 cm? X 9 cm, was prepared by pour- 
ing a washed suspension into the column and allowing it to settie 
by gravity. The chromatography was carried out at 4°. The 
enzyme solution was applied and the column was washed with 
5 ml of 0.03 m Tris buffer, pH 7.8, before the gradient elution 
was started. The gradient system consisted of a reservoir cham- 
ber containing 200 ml of 0.03 m Tris buffer, pH 7.8 and 0.5 m 
NaCl, which flowed into a mixing chamber containing 200 ml of 
0.03 m Tris, pH 7.8. A flow rate of 2 to 3 ml per minute was 
maintained. Five-milliliter fractions were collected. 

Other Methods—Other methods are as described (1). RNA 
and DNA concentrations were determined by total phosphate 
analysis as were the polymer concentrations in the accompany- 
ing paper (1). One equivalent of Mg*+ per phosphate is equal 
to 4 umole of Mg*t+ per umole of phosphate in RNA or DNA. 


RESULTS 


Studies on Hydrolysis of RNA 


Effects of Mg**+ Concentration and 2 u Urea on Rates of Hy- 
drolysis of Yeast RNA and S-RN A—It can be demonstrated that 
secondary interactions in long RNA chains inhibit the action of 
the nuclease. This inhibition was investigated by studying the 
effects of EDTA dialysis, Mg++ concentration, and urea on the 
rate of hydrolysis of yeast RNA and S-RNA. 

The formation of acid-soluble products from yeast RNA, iso- 
lated as described (2), showed a lag similar to that shown for 
poly A (1), but the rate of the hydrolysis was considerably slower. 
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Fig. 1. Effect of Mg*+ concentration on the hydrolysis of 
EDTA-dialyzed yeast RNA in the presence and absence of 2 M 
urea. The reaction mixtures each contained 0.40 umole of EDTA- 
dialyzed yeast RNA, 2.5 umoles of Tris buffer, pH 7.7, 0.05 umole 
of mercaptoethanol, and MgCl. as indicated. The mixtures plus 
urea contained 120 umoles of urea and 22.5 ug of a heated Cy gel 
fraction II, specific activity (s.a.) 166. Those minus urea con- 
tained 45 ug of the same enzyme. The final volumes were 0.06 ml. 
The mixtures were incubated for 30 min at 37° and the absorbancy 
of the acid-soluble products per incubation mixture was measured. 
@—-@, minus urea; O---O plus urea. 
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EDTA-dialyzed S-RNA in the presence of 2m urea. The reaction 
mixtures contained 0.30 umole of EDTA-dialyzed S-RNA, 2.5 
umoles of Tris buffer, pH 7.7, 0.05 umole of mercaptoethanol, 120 
umoles of urea, 22.5 ug of a heated Cy gel fraction II, s.a. 166, and 
MgCl, as indicated, in a final volume of 0.06 ml. The mixtures 
were incubated for 90 min at 37° and the absorbancy of the acid- 
soluble products per incubation mixture was measured. 


If the yeast RNA was dialyzed against EDTA, the rate of hy- 
drolysis was increased by 50%. Addition of Mg** to the re- 
action mixtures of EDTA-dialyzed RNA increased the rate 
further, but Mg** had no effect on the hydrolysis of undialyzed 
RNA. The effect of Mg++ concentration on the hydrolysis of 
EDTA-dialyzed yeast RNA is shown by the solid line in Fig. 1. 
The hydrolysis was stimulated maximally by the addition of one 
equivalent of Mg++ per 25 phosphate residues in the polymer. 
Addition of Mg++ immediately before the addition of perchloric 
acid had no effect on the amount of acid-soluble material. Ata 
concentration above the optimum, Mgt*+ inhibited the hydrol- 
ysis. Inhibition by Mg** at higher concentrations is in contrast 
to the results obtained with poly A (1). The slow rate of hy- 
drolysis of undialyzed yeast RNA indicates that the RNA con- 
tains an inhibitory concentration of Mg++ or other inhibitors. 
The effect of 2 m urea on the Mg** concentration curve with 
yeast RNA is shown by the dashed line in Fig. 1. Urea increases 
the rate of acid-solubilization by 100% and causes the Mg++ 
optimum to shift to higher concentrations. Urea had no effect 
on the assays for acid-soluble material when added just before 


A Nuclease from Azotobacter agilis. 














II Vol. 235, No. 10 
15.0} 4 

a 
E 
ro} | S 
a 12.0 
N 
> : 
ro 90 
rs 
<x 
am 60- "7 
a 
D 
a 3.0 e038 | 
* pao 0 2 

re) 2 2 ! 1 

0 15 so 645—Ci‘C—CiasTS8tCSD 


TIME, MINUTES 

Fig. 3. Effect of shortening of the S-RNA chains by prior incu- 
bation with the nuclease on the Mg** inhibition of hydrolysis. 
Five reaction mixtures each contained 1.30 wmoles of EDTA- 
dialyzed S-RNA, 10 uwmoles of Tris buffer, pH 7.8, 0.2 umole of 
mercaptoethanol, 60 ug of bovine serum albumin, 0.48 mmoles of 
urea, 28 ug of a carboxymethy! cellulose fraction II, s.a. 435, and 
0.2 umole of MgCl. in a volume of 0.24 ml. The mixtures were in- 
cubated at 37°. Curve 1, no additional MgCl. was added. Curve 
2, 0.4 umole of MgCls was added at 0 time. Curves 3 to 6, 0.4 
umole of MgCl: was added at 15, 30, and 45 minutes, respectively. 
Samples, 0.03 ml, of each were withdrawn at 15-minute intervals 
and the absorbancies of the acid-soluble products were measured. 
The results are expressed per total incubation mixture. 


the perchloric acid. The addition of urea stimulated the acid- 
solubilization of poly A only slightly (1); therefore, it is not prob- 
able that there is a stimulatory effect of urea on the enzyme itself. 
The maximal rate of yeast RNA hydrolysis in the presence of 
urea was one-fourth that of poly A. 

S-RNA that was not dialyzed against EDTA was not hydro- 
lyzed at a measurable rate by the nuclease. With EDTA-di- 
alyzed preparations, hydrolysis could be shown to occur, but it 
was very slow at all Mg++ concentrations tested. The addition 
of 2 m urea to the reaction mixtures increased the rate of hydrol- 
ysis 5- to 10-fold. A Mg**+ concentration curve with EDTA- 
dialyzed S-RNA is shown in Fig. 2. Mg++ stimulates optimally 
at a concentration of one equivalent per 3 to 5 phosphate residues 
in S-RNA. 

Effect of Mg** Concentration on Hydrolysis of Short RNA 
Chains—The inhibition of hydrolysis by a high level of Mg**, 
demonstrated with the long RNA chains above, is not found with 
short RNA chains. Commercial yeast RNA has been shown to 
have a short average chain length (8). Its hydrolysis is stimu- 
lated maximally by a Mg** level of one equivalent per phosphate. 
The rate of hydrolysis is increased by 2 m urea by only 5 to 10%. 

The addition of a high level of Mg++ to reaction mixtures of 
S-RNA at different stages during the hydrolysis showed that the 
inhibition of cleavage was relieved as the hydrolysis proceeded. 
Fig. 3 demonstrates the results of such a study. Curve 1 shows 
the rate of hydrolysis of S-RNA at the optimal Mg++ concen- 
tration. Curve 2 shows the rate of hydrolysis when the Mg** 
concentration is increased 3-fold. There is almost no hydrolysis 
of S-RNA over a 90-minute period at the higher Mg** concen- 
tration. Curves 3 to 5 show the effects of the addition of a 3- 
fold excess of Mg** at the time intervals indicated by the arrows. 
When Mg**+ is added at the two shorter time intervals, further 
hydrolysis is inhibited. When the hydrolysis reaches the stage 
at which one-third of the S-RNA has been rendered acid-soluble 

(45 minutes) or when probably all of the chains have been con- 
siderably shortened (1), the addition of the same level of Mg*t* 
is no longer inhibitory (Curve 5). 
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Fig. 4. DEAE-cellulose column chromatography of the prod- 
ucts of hydrolysis of S-RNA after complete acid-solubilization. 
EDTA-dialyzed S-RNA, 65.4 uwmoles, 10 uwmoles of MgClo, 500 
pmoles of Tris buffer, pH 7.8, 10 wmoles of mercaptoethanol, 3 
mg of bovine serum albumin, and 24 mmoles of urea were incu- 
bated with 0.85 mg of a carboxymethy] cellulose fraction II, s.a. 
540, for 3 hours at 37° in a final volume of 12 ml. The conversion 
of the S-RNA to acid-soluble products was followed by withdraw- 
ing aliquots for assay at 30-minute intervals. At the end of 2 
hours, the products were completely soluble in 3% perchloric acid. 
They were 48% soluble in the uranium acetate-perchloric reagent. 
The reaction mixture was deproteinized with chloroform and iso- 
amylaleohol (9). Chromatography of the deproteinized mixture 
was carried out as described under ‘‘Methods.’’ Fractions, within 
the dashed lines, were pooled and lyophilized. The residues were 
dissolved in water and aliquots were treated witli 0.3 n KOH for 
18 hours at 37°. The alkaline digests were subjected to electro- 
phoresis as described (1) and nucleosides, nucleoside monophos- 
phates, and nucleoside diphosphates were eluted and determined. 
The average chain lengths of the oligonucleotides were calculated 
from the ratio of nucleoside monophosphates to nucleosides or 
nucleoside diphosphates and the values are given within the 
dashed lines, at: the top of the figure. 





Examination of Products of Hydrolysis of RNA—The oligo- 
nucleotides formed in the hydrolysis of S-RNA were isolated by 
chromatography on a DEAE-cellulose column. The elution 
pattern of the oligonucleotides is shown in Fig. 4. The elution 
of the column with 100 ml of 0.01 m ammonium bicarbonate 
(not shown in Fig. 4) before the gradient elution is started re- 
moves nucleosides. Less than 0.5% nucleoside absorbancy is 
found. Chromatography of nucleoside monophosphates on sim- 
ilar columns has shown that they are removed in the first 75 ml] 
of the gradient system, so it is evident that there are almost no 
mononucleotides formed from S-RNA. No additional ultra- 
violet-absorbing material is washed from the column with 20 
ml of 0.56 n NaOH after the gradient system has completely 
flowed through. 

Aliquots of the three fractions within the dashed lines in Fig. 4 
were treated with alkali. Equivalent quantities of nucleosides 
and nucleoside diphosphates were found in the products of the 
alkaline digestions, as would be expected if the oligonucleotides 
had 5’-phosphomonoester end groups (10). The average chain 
length of the oligonucleotides was calculated. The average 
chain length increased from 2.4 to 9.6 as shown in Fig. 4. 

Alkaline hydrolysis of the products of the cleavage of highly 
polymerized yeast RNA was carried out to determine whether 
the nuclease showed a specificity for linkages adjacent to a certain 
base. Yeast RNA was hydrolyzed by a heated Cy gel fraction 
II to perchloric acid-soluble products. The products were sub- 
jected to alkaline hydrolysis, and the nucleosides, nucleoside 
monophosphates, and nucleoside diphosphates were isolated by 
paper electrophoresis and paper chromatography (“Methods”). 
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TaBLeE I 


Hydrolysis of yeast RNA and nuclease digest of 
yeast RNA by venom phosphodiesterase 

The two reaction mixtures each contained 1.5 umoles of highly 
polymerized yeast RNA, 10 zmoles of Tris buffer, pH 7.7, and 0.2 
umole of mercaptoethanol. To the 2nd, 140 ug of calcium phos- 
phate gel eluate I, s.a. 1000, were added. The final volumes were 
0.24 ml. After incubating for 4 hours at 37°, 0.04 ml of each was 
removed for chromatography and 0.12 ml of each was heated for 
10 minutes in a boiling water bath. To the heated samples, 471 
units (6) of venom phosphodiesterase, 2.5 ymoles of MgCle, and 
5 umoles of Tris buffer, pH 9.1, were added. The total volumes 
were 0.165 ml. Incubation was continued at 37°, and at 10 min- 
utes, 1 hour, and 6 hours, 0.05-ml samples were removed for chro- 
matography. The samples before venom phosphodiesterase in- 
cubation and at the different time intervals during the incubation 
were chromatographed on paper as described in the accompanying 
paper (1). Origin densities representing unhydrolyzed RNA were 
eluted with 2 ml of 0.1 n HCl for 30 minutes in a boiling bath. 
Per cent hydrolysis by venom was calculated from the origin 
densities before venom incubation. The nuclease incubation re- 
sulted in complete acid-solubilization of the yeast RNA, but the 
oligonucleotides formed did not migrate from the origin during 
the chromatography to contaminate the 5’-mononucleotides 
formed during the venom phosphodiesterase digestion. 











Conversion to 5’-mononucleotides 
Time of venom incubation 
RNA Digest of RNA 
% % 
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The average chain length of the fragments was six. All four 
nucleosides and nucleoside diphosphates were identified as end 
groups, indicating that the enzyme does not cleave the phospho- 
diester linkages of yeast RNA with a specificity dependent on 
the bases. 

Since the products of the hydrolysis of RNA are fragments 
with 5/-phosphomonoester end groups, they should be readily 
hydrolyzed by venom phosphodiesterase (11-14). The results 
in Table I show that when highly polymerized yeast RNA is 
first incubated with the A. agilis nuclease, it is hydrolyzed much 
more rapidly to 5’-mononucleotides by venom phosphodiesterase 
than is the RNA without prior nuclease treatment. Further- 
more, the hydrolysis is almost complete. The rapid hydrolysis 
of the fragments is additional evidence that they have 5’-phos- 
phomonoester end groups. Similar results were obtained with 
the fragments obtained in the hydrolysis of S-RNA. The action 
of the two enzymes in sequence is advantageous in the prepara- 
tion of 5’-mononucleotides from RNA. 


Studies on Hydrolysis of DNA 


Carboxymethyl Cellulose Column Chromatography of Nuclease— 
A carboxymethy] cellulose fraction II (1) was found to hydrolyze 
DNA preparations at a very rapid rate. To see whether or not 
the same enzyme was hydrolyzing DNA as hydrolyzes poly A, a 
heated Cy gel fraction II (1) was chromatographed on a carboxy- 
methyl cellulose column and the eluates were assayed for acid- 
solubilization of poly A and of DNA. As Fig. 5 shows, the two 
activities were eluted together, suggesting that the same enzyme 
is involved in the hydrolysis of the two substrates. The rate of 
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Fia. 5. Elution pattern of activities for hydrolysis of poly A 
and DNA from a carboxymethyl cellulose column. Toa carboxy- 
methyl] cellulose column, 5.5 ml of a heated Cy fraction II, s.a. 
120, were applied. Chromatography was carried out as described 
under ‘Methods.’ Aliquots (0.03 ml) of each fraction were 
assayed for hydrolysis of poly A as described in the previous paper 
(1), and for hydrolysis of DNA with 0.35 umole of DNA replacing 
the poly A. A unit of activity with DNA was defined as the 
amount giving an absorbancy of 2.0 per incubation mixture as 
described for poly A. The protein in the fractions was deter- 
mined by the method of Warburg and Christian (15). - - -, pro- 
tein; @——®@, poly A activity; O——O, DNA activity. 
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Fig. 6. DEAE-cellulose column chromatography of the prod- 
ucts of hydrolysis of DNA after complete acid-solubilization. 
DNA, 35 umoles, was incubated with 250 umoles of Tris buffer, 
pH 7.8, 5 umoles of mercaptoethanol, 1.5 mg of bovine serum al- 
bumin, 17.5 ymoles of MgCle, and 0.14 mg of a carboxymethyl 
cellulose fraction II, s.a. 435, in a final volume of 6 ml for 105 min- 
utes at 37°. The conversion of DNA to acid-soluble products was 
followed by withdrawing aliquots for assay at 15-minute intervals. 
DNA was completely converted to products soluble in 3% per- 
chloric acid at the end of 90 minutes. The reaction mixture was 
deproteinized with chloroform and isoamyl] alcohol (9). Chro- 
matography was carried out as described under ‘‘Methods.” 


acid-solubilization of DNA is slightly faster than that of poly A 
and shows a similar lag. 

Effect of Different Factors on Rate of DNA Hydrolysis—No 
effect of EDTA dialysis of DNA on the rate of its hydrolysis was 
found. Both dialyzed and undialyzed preparations were stim- 
ulated by the addition of Mg*+. The maximal stimulation was 
obtained with one equivalent of Mg++ per phosphate in DNA. 
Urea (2 m) had no effect on the hydrolysis. Heating a solution 
for 15 minutes at 95° (16) before adding it to the incubation 
mixtures also had no effect on the rate of the hydrolysis or the 
optimal Mg** concentration. 

Examination of Products of Hydrolysis of DN A—The products 
of the hydrolysis of DNA were also isolated by chromatography 
on a DEAE-cellulose column. The pattern of elution of acid- 
soluble products formed from DNA is shown in Fig. 6. The 
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pattern is similar to that shown for S-RNA (Fig. 4), and the 
fragments are probably of the same size, although no direct re- 
sults were obtained on this point. 

On incubation with venom phosphodiesterase, the fragments 
are converted completely to 5’-mononucleotides (11-14). No 
nucleosides or nucleoside diphosphates are formed. The frag- 
ments must then be similar to those formed from RNA, 1.e. be 
oligonucleotides with 5’-phosphomonoester end groups. That 
the products formed from both RNA and DNA have 5/-phos- 
phomonoester end groups is additional evidence that the same 
enzyme is involved in their hydrolysis. 


DISCUSSION 


The nuclease from A. agilis can be classified uniquely as an 
endonuclease which hydrolyzes both RNA and DNA with the 
formation of oligonucleotides with 5’-phosphomonoester end 
groups. The only other endonuclease described which hydro- 
lyzes both substrates is one from Micrococcus pyogenes var. 
aureus (17, 18). With the micrococcal enzyme oligonucleotides 
with 3’-phosphomonoester end groups as well as 3’-mononucleo- 
tides are formed from both RNA and DNA (19-21). Pancreatic 
DNase I (22), streptococcal DNase (23, 24) and a DNase from 
E. coli (25, 26) also hydrolyze DNA with the formation of oligo- 
nucleotides with 5’-phosphomonoester end groups. No activity 
of these enzymes on RNA has been reported. The unique mech- 
anism of the A. agilis nuclease should make it very useful in 
studies of RNA structure. 

The effects of Mg** and urea on the hydrolysis of highly poly- 
merized yeast RNA and S-RNA by the nuclease indicate that 
the secondary structure of long RNA chains inhibits the action 
of the enzyme. Secondary structure of RNA, consisting prob- 
ably of helical regions of hydrogen bonded base pairs, has been 
studied extensively recently (27-36). Mg++ and other cations 
have been found to promote secondary interactions (27-29, 36) 
and urea has been shown to decrease the interactions by disrupt- 
ing the hydrogen bonded base pairs (33-36). The inhibition of 
the hydrolysis of yeast RNA and S-RNA by a high concentra- 
tion of Mg*+, which was found here, is probably due to the for- 
mation of a more compact molecule. The number of accessible 
cleavage sites would be reduced. Urea would be expected to 
counteract the inhibition as has been shown. The hydrolysis of 
poly A is not inhibited by a high concentration of Mg*+ (1). 
Secondary interactions in single-stranded poly A are less than 
in RNA from natural sources (31). One would expect also that 
short RNA chains would have less secondary structure than the 
long chains. Evidence has been presented that as S-RNA is 
hydrolyzed by the nuclease, that is, as the chains become shorter, 
the inhibition of hydrolysis by a high concentration of Mg*t 
disappears. 

Previous studies have shown that the secondary structure of 
RNA affects its reactivity. Formylation (32), hydrolysis by 
polynucleotide phosphorylase (37), and ribonuclease digestion 
(34) of RNA are stimulated by increasing temperature. The 
stimulations have been attributed to disruption of secondary 
structure, since heating solutions of RNA have been found to 
decrease the secondary interactions (30-32). A stimulation of 
ribonuclease activity by urea has also been reported (34, 35). 
Resistance of S-RNA to phosphorolysis with polynucleotide 
phosphorylase has been described and it has been suggested that 
the secondary structure of S-RNA may contribute to this re- 
sistance (38). 
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Hydrolysis of DNA is not inhibited by a high concentration 
of Mg** and is not stimulated by heating the DNA before incu- 
bation or by urea. Heating the DNA has no effect on the op- 
timal Mg** concentration. The double-stranded helical DNA 
molecule may be a susceptible substrate. 


SUMMARY 


The nuclease from Azotobacter agilis hydrolyzes ribonucleic 
acid (RNA) from natural sources, but the rate of the hydrolysis 
is very dependent on the Mg** concentration and is stimulated 
by urea. Evidence is presented that secondary interactions in 
long RNA chains inhibit the action of the enzyme. Deoxyribo- 
nucleic acid (DNA) is also hydrolyzed very rapidly by the en- 
zyme. The products formed from both RNA and DNA have 
been identified as oligonucleotides with 5’-phosphomonoester end 
groups. 
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Haynes and Berthet (1) found that slices of steer adrenal show 
increased phosphorylase activity after treatment with ACTH in 
vitro. It has also been shown (2, 3) that reduced triphospho- 
pyridine nucleotide is involved in 11-8-hydroxylation of steroids 
and that a high level of glucose 6-phosphate dehydrogenase ac- 
tivity is present in adrenal (4). From these findings, Haynes and 
Berthet (1) proposed, as a mechanism of ACTH action, that in- 
creased phosphorylase activity increases glucose 6-phosphate 
which, on oxidation by glucose 6-phosphate dehydrogenase, in- 
creases reduced triphosphopyridine nucleotide concentration and 
hence the rate of steroid hydroxylations and other reduced tri- 
phosphopyridine nucleotide-dependent reactions leading to cor- 
ticosteroid genesis. Koritz and Péron (5) claim that quartered 
rat adrenals maximally stimulated with ACTH, or triphospho- 
pyridine nucleotide plus glucose 6-phosphate (or other substrates 
which result in the formation of reduced triphosphopyridine 
nucleotide) show an increased corticoid output when subse- 
quently treated with triphosphopyridine nucleotide plus sub- 
strate, or ACTH, respectively. These findings suggest that 
ACTH may be involved directly in glucose 6-phosphate oxida- 
tion. 

The present study deals with the quantitative histological dis- 
tribution of glucose 6-phosphate dehydrogenase and 6-phospho- 
gluconate dehydrogenase in the rat adrenal, and the effect of 
subcutaneous administration of ACTH. The enzyme assays of 
Glock and McLean (6) were modified for application to micro- 
tome section samples of tissue, and the reaction conditions were 
changed to increase enzyme activities. 


EXPERIMENTAL PROCEDURE 


Adrenal glands were obtained as described by Greenberg and 
Glick (7) from male albino rats (Sprague-Dawley) weighing 300 
to 400 g, approximately 3 months old, purchased from Holtzman 
Company, Madison, Wisconsin. The animals were fed Purina 
fox chow and tap water ad libitum. As in previous work (8), 
they were housed in a constant climate room (78 + 1° F, 30 to 
50% relative humidity) with controlled illumination (lights on 
at 6:00 A.M., off at 6:00 P.M.), and instantaneous death was 
inflicted by a single hammer blow on the head at noon + 15 


* This investigation was supported by research grants, No. 
H2028 and No. RG3911, from the National Institutes of Health, 
United States Public Health Service, the Louis W. and Maud 
Hill Family Foundation, and by a research grant from the Re- 
search Fund of the Graduate School, University of Minnesota. 


minutes. ACTH, 25 mg per kg, in 1 ml of 0.9% NaCl solution 
was administered subcutaneously to some of the animals 3 hours 
before they were killed. No difference in enzyme activities was 
observed between untreated rats and those that received a sub- 
cutaneous injection of 1 ml of 0.9% NaCl solution 3 hours before 
death. 

Freshly frozen microtome sections (2.38 mm diameter, 16 yu 
thick, total volume 0.069 ul) were cut serially in a cryostat cabi- 
net at —15° and handled as described previously (9). One sec- 
tion was brushed flat on an albuminized glass slide and stained 
with toluidine blue for histological examination (10), the next 
three sections were placed in a reaction tube for enzyme assay, 
and the following section was placed in another tube for protein- 
nitrogen analysis (11). This sequence was followed through the 
entire cortex and into the medulla of the adrenal. 

Activity-pH Relationships of 6-P-gluconate Dehydrogenase and 
Glucose-6-P Dehydrogenase—The effects of Versene (ethylene- 
diaminetetraacetate) and Mg** on activity-pH relationships of 
6-P-gluconate dehydrogenase (Fig. 1.) and glucose-6-P dehydro- 
genase in 0.9% NaCl solution extracts of rat adrenal were deter- 
mined in 0.05 m Tris buffer. Versene increased activities of both 
enzymes over the entire range (pH 6.5 to 9.0), and Mg*+ (final 
concentration, 0.02 m) effected an additional increase. With 
Mg*+ alone, 6-P-gluconate dehydrogenase (Fig. 1.) had a pH 
optimum at 7.5 which was shifted to pH 8.3 by the addition of 
Versene, as contrasted to pH optima at 9.0 and 9.8 in glycyl- 
glycine and Veronal buffers, respectively (6). Glucose-6-P de- 
hydrogenase activity in the absence of Versene and Mg++ showed 
little pH effect between 7.0 and 9.0, although a slight tendency 
to an optimum at pH 7.8 was observed in the presence of Versene 
without Mg++. This is also in contrast to pH optima of 7.6 and 
8.5 in glycylglycine and Veronal, respectively (6). With Mg** 
alone, glucose-6-P dehydrogenase displayed a pH optimum from 
about 7.5 to 9.0 with little change over this range. 

Although many features of the activity-pH data remain ob- 
scure because of limited information on the metal ion-enzyme 
interactions, and because tissue extracts were used instead of 
purified enzymes, it is apparent that under the conditions used, 
Versene activates both enzymes, perhaps by chelating heavy 
metals, and Mg++ enhances this activity. Relative activities in 
both buffers are given in Fig. 2. 

Effect of Versene on Enzyme Activities in Presence of 0.02 u 
Mg*+—The effect of varying Versene concentration on the ac- 
tivities of both enzymes in the Tris buffer was determined at 
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6-P dehydrogenase. These enzymes were maximally activated 
to 95 and 25%, respectively, at a final concentration of 3.35 x 
10-§ and 3.35 X 10-4 M. 

Apparatus—The microchemical equipment employed was that 
used in previous studies in this series. See (12). 

Procedure for Determination of 6-P-gluconate Dehydrogenase— 
(a) Place three microtome sections of freshly frozen tissue in a 
reaction tube, 4 mm internal diameter, 27 mm long. (b) Remove 
the tubes from the cryostat and transfer in ice to a cold room 
at 4°. (c) Pipette 80 ul of cold 0.9% NaCl solution into each 
tube and mix. (d) Centrifuge at 4000 x g for 5 minutes. (e) 
Transfer 20 yl aliquots of the clear supernatants, kept in an ice 
bath, to Lowry-Bessey cuvettes containing the following cold 
reaction mixture: 30 ul of TPN solution (0.33 mg of TPN per 
ml) and 50 ul of 0.1 m Tris buffer, pH 8.3, containing 0.04 m Mg**, 
6.7 X 10-5 M Versene, and 5.6 X 10-? m6-P-gluconate. (f) Mix. 
(g) Determine enzyme activity in a Beckman DU spectropho- 
tometer at 340 my by following reduction of TPN at 30 sec- 
ond intervals for 2 minutes. Linearity is maintained for at 
least 4 minutes. (h) Use a blank in which 30 ul of distilled 
water is substituted for the TPN solution in the reaction mix- 
ture. 

Procedure for Determination of Glucose-6-P Dehydrogenase— 
(a) Transfer another 20 yl aliquot of the tissue extract employed 
in the preceding section to a Lowry-Bessey cuvette containing 
the following reaction mixture: 30 ul of TPN solution (0.33 mg 
per ml) and 50 ul of 0.1 m Tris buffer, pH 7.8, containing 0.04 
M Mg++, 6.7 * 10-5 m Versene, 5.6 X 10-* m glucose-6-P, and 
5.6 X 10-* m 6-P-gluconate. (b-d) Same as steps f-h in preced- 
ing section. (e) Determine 6-P-gluconate dehydrogenase activity 
by subtracting that of 6-P-gluconate dehydrogenase (step e) from 
the total activity (steps c and d). 


DISCUSSION 


Earlier work by Kelley et al. (4) revealed a high level of glu- 
cose-6-P dehydrogenase in adrenal tissue. More recently, Cohen 
(13) demonstrated the presence of a glucose-6-P dehydrogenase 
system in the fascicular and reticular zones of rat adrenal by a 
staining procedure. The present work on the quantitative local- 
ization of glucose-6-P dehydrogenase and 6-P-gluconate dehy- 


Seconds 


Fig. 2. Effect of buffers on 6-P-gluconate dehydrogenase and 
glucose-6-P dehydrogenase activities of rat adrenal extract. 
Rate of reduction of TPN measured at 340 mz. In each case a 
final concentration of 0.02 m Mgt* was present. 6-P-gluconate 
dehydrogenase: A, B, with Tris buffer, pH 8.3 and 7.8, respec- 
tively, containing Versene, final concentration 3.35 X 10-5 a; C, 
glycylglycine buffer, pH 9.0, without Versene. Glucose-6-P de- 
hydrogenase: D, with Tris buffer, pH 7.8, containing Versene, 
final concentration 3.35 X 10-5 M; E, glycylglycine buffer, pH 7.6, 
without Versene. 


drogenase demonstrates that the profiles of the distribution 
curves of both enzymes are similar, with maxima in fasciculata, 
a fall in the fascicular-reticular border zone, increase in reticularis, 
and minima in medulla (Fig. 3). These enzymes, as well as suc- 
cinic dehydrogenase (8), show an inverse distribution profile to 
that of the pyridine nucleotides (14). If the hexose monophos- 
phate dehydrogenases act to generate TPNH for steroid hy- 
droxylations (5), one might expect them to have maximal ac- 
tivities in those zones of the adrenal where steroid hydroxylations 
occur. Although no real localization of the latter has been dem- 
onstrated, it has been observed in combined fasciculata-reticu- 
laris and in glomerulosa (15). 

It was shown that ACTH, both in vivo (16) and in vitro (17, 
18), produces increased oxygen utilization by the adrenal cortex. 
It can be seen from Table I that the elevation in 6-P-gluconate 
dehydrogenase activity throughout the cortex, as a result of the 
ACTH treatment, is statistically significant (p < 0.001). The 
differences also vary significantly among zones (variance ratio, 
13.2, with 5 and 80° of freedom) with the greatest effect in the 
fascicular-reticular border zone. In contrast to its effect on 6- 
P-gluconate dehydrogenase activity, ACTH caused a significant 
increase in glucose-6-P dehydrogenase activity only in the fas- 
cicular-reticular border zone (Table I). 

Administration of ACTH increased the activity of 6-P-glucon- 
ate dehydrogenase throughout the cortex, with greatest effect in 
the fascicular-reticular border zone, whereas only in the latter 
zone was the glucose-6-P dehydrogenase elevated to a highly 
significant degree. The ACTH treatment caused a shift of the 
activity maxima of both enzymes from the fasciculata to the fas- 
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Fig. 3. Quantitative histochemical distribution of 6-P-glu- 
conate (6PGDH) and glucose-6-P (G6PDH) dehydrogenases in 
left adrenal glands of male albinorats. Three microtome sections, 
2.3 mm in diameter, 16 uw thick, and total volume 0.21 ul, were 
used for each analysis. The vertical bars represent one standard 
error of the difference between means. The numbers in paren- 
theses indicate the number of adrenals used to obtain the com- 
posite data. Regions marked G, F, R, and M denote, respec- 
tively, glomerulosa, fasciculata, reticularis, and medulla; mixed 
zones are designated by both letters. 


cicular-reticular border (Fig. 3). 
of formation of hormones. 

Studies on dogs (19) and rats (20, 21) indicate that the reticu- 
laris is the most sensitive of the cortical zones to lack of pituitary 
stimulation after hypophysectomy. These indications are 
strengthened by the resultant hypertrophy, which occurs first 
in the reticularis in rats after ACTH administration (22), and 
by the finding that ACTH, labeled with I" and injected into 
rats, is localized mainly in the reticularis (23). On the basis of 
these findings and on histochemical staining work, which reveal 
that reticularis under the influence of ACTH shows the first 
signs of depletion of stained carbonyl material, Yoffey (24) pro- 
posed that the reticularis may store hormones which are re- 
placed from the fasciculata after depletion. 

Symington (25) and Grant et al. (26) presented evidence inter- 
preted to indicate that corticosteroids are formed in the reticu- 
laris under nonstress conditions, and when the cortex is stimu- 
lated, precursors in the fasciculata are utilized. Administration 
of ACTH to humans before adrenalectomy caused the fascicular 
cells bordering the reticularis to become compact and richer in 
phosphatases, Krebs cycle enzymes, and RNA. This is in accord 
with the present observations of a shift of peak dehydrogenase 
activities from the fasciculata to the fascicular-reticular border 
zone under the influence of ACTH. 


This may be linked to the site 


Histochemical Distribution of Adrenal Dehydrogenases 


Vol. 235, No. 10 


TABLE I 


Effect of ACTH on glucose-6-P dehydrogenase and 6-P-gluconate 
dehydrogenase activities in rat adrenal 


The values given in this table have been obtained in the follow- 
ing manner: Ten rats were separated into two equal groups. One 
group was given ACTH, and the other was used as a control group. 
Adrenal 6-P-gluconate and glucose-6-P dehydrogenase activities 
were determined as described previously. ACTH treatment: 
25 mg per kg of body weight, injected subcutaneously 3 hours 
before death. 





Control | Difference 
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Fasciculata. . 166 {147 |145 | 77 | 21 | 70 | 0.23 |<0.001 
Fasciculata-reticu- | | | | 
laris...............|187 |172 |108 | 21 | 79 |151 |<0.001|<0.001 
Reticularis......... .|126 |145 {116 | 51 | 10 94 | 0.55 |<0.001 
Reticularis-medulla {130 |127 |111 | 44 | 19 | 88 | 0.26 |<0.001 
Medulla.............| 71 | 20 | 57 | 11 | 14 | 9| 0.45 |>0.6 
- —|—-|——|—_|—_ |_| 
ma 137 |120 |109 | 42 | 29 | 78 | 0.03 |<0.001 
\ | { | | 





* Each value is mean of analyses on 5 adrenals, 1 left gland from 
each rat. 


SUMMARY 


1. The quantitative histological distribution of 6-phosphoglu- 
conate and glucose 6-phosphate dehydrogenases was measured in 
adrenals of control rats, and of rats injected subcutaneously with 
adrenocorticotrophic hormone, 25 mg per kg, 3 hours before 
death. 

2. Maximal activities of both enzymes per unit of protein- 
nitrogen were found in the fasciculata. The activities fell in the 
fascicular-reticular border zone, increased in reticularis, and de- 
creased to minima in medulla. Administration of adrenocortico- 
trophic hormone increased the activity of 6-phosphogluconate 
dehydrogenase throughout the cortex with greatest effect in the 
fascicular-reticular border zone, and it produced a highly signifi- 
cant elevation in glucose 6-phosphate dehydrogenase activity in 
this zone only. The administration of adrenocorticotrophic hor- 
mone caused a shift of activity maxima of both enzymes from the 
fasciculata to the fascicular-reticular border zone. 

3. Conditions of the enzyme assays of Glock and McLean were 
modified to obtain greater activities, and the procedure was 
scaled down to permit measurements on microtome section sam- 
ples. 

4. A statistical treatment of the data by variance analysis was 
made. 


Acknowledgment—The authors are indebted to Miss Gloria J. 
Punsalan for technical assistance and to Dr. Richard B. McHugh 
for statistical analysis. 


REFERENCES 


1. Haynes, R. C., Jr., AND BERTHET, L., J. Biol. Chem., 226, 115 
(1957). 


Oct 





XUM 


». 10 


onate 


llow- 

One 
‘oup. 
rities 
1ent: 
ours 





oa’ 
° 
— 





| 6-P-gluconate 


).001 
).001 


).001 
).001 
).001 
).6 


0.001 





from 


oglu- 
‘ed in 

with 
efore 


ytein- 
n the 
d de- 
tico- 
mate 
n the 
pnifi- 
ty in 
-hor- 
n the 


were 
was 


3 Was 


‘ia J. 
Tugh 


}, 115 





October 1960 


10. 
11. 
12. 
13. 
14. 


15. 


. Sweat, M. L., anp Lipscoms, M. D., J. Am. Chem. Soc., 77, 


5185 (1955). 


. Grant, J. K., anp Brownie, A. C., Biochim. et Biophys. Acta, 


18, 433 (1955). 


. Ke.ry, T. L., Nretson, E. D., Jonnson, R. B., anp VESTLING, 


D.S., J. Biol. Chem., 212, 545 (1955). 


. Koritz, 8. B., anp Péron, F.G., J. Biol. Chem., 230, 343 (1958). 
. Giocg, G. E., anp McLean, P., Biochem. J., 55, 400 (1953). 
. GREENBERG, L. J., anpD Guick, D., Endocrinology, 68, 909 


(1958). 


. Guick, D., anp GREENBERG, L. J., Endocrinology, 63, 778 


(1958). 


. GRuNBaAvM, B. W., Geary, J. R., Jk., anp Guick, D., J. Histo- 


chem. Cytochem., 4, 555 (1956). 

Baun, R. C., anv Guick, D., J. Histochem. Cytochem., 2, 103 
(1954). 

Nayyar, S. N., anp Guick, D., J. Histochem. Cytochem., 4, 
282 (1954). 

Guicxk, D., Chem. Eng. News, $1, 139 (1953). 

Couen, R. B., Proc. Soc. Expil. Biol. Med., 101, 405 (1959). 

GREENBERG, L. J., anD Guicx, D., J. Biol. Chem., 235, 2744 
(1960). 

STACHENKO, J., AND Grroup, C. J. P., Endocrinology, 64, 730 
(1959). 


L. J. Greenberg and D. Glick 


16. 


17. 


18. 


19. 


20. 


21. 


24. 


26. 


3031 


CarPENTER, R. K., MacLeop, L. D., ann Ress, M., J. 
Physiol., 105, 231 (1946). 

TEPPERMAN, J., Endocrinology, 47, 384 (1950). 

NicuoLs, J., anD Lirrte, J. M., Am. J. Physiol., 167, 341 
(1951). 

Houssay, B.-A., anD SAMMARTINO, R., Compt. rend. soc. biol., 
114, 717 (1933). 

SHumackeEr, H. B., anv Firor, W. M., Endocrinology, 18, 676 
(1934). 


Crooke, A. C., anp Grimour, J. R., J. Pathol. Bacteriol., 47, 
525 (1938). 


. Berener, G. E., anp Deane, H. W., Endocrinology, 48, 240 


(1948). 


. SonENBERG, M. S., Keston, A. 8., anp Money, W. L., Endo- 


crinology, 48, 148 (1951). 

Yorrey, J. M., The suprarenal cortez: the structural background 
in ‘suprarenal cortex’. In Proceedings 5th Symposium Colston 
Research Society, Butterworth and Co., Ltd., London, 1953, 
p. 31. 


. Symineton, T., Modern trends in pathology, Butterworth and 


Co., Ltd., London, 1959, p. 256. 
Grant, J. K., Forrest, A. P. M., anp Symineton, T., Acta 
Endocrinol. 26, 195 (1957). 


























ackard/ 


TRI-CARB 





LIQUID SCINTILLATION 
SPECTROMETERS 


are now 


TRANSISTORIZED 





P.O. Box428-M e ta Sian Illinois =e 


Phone HUnter 5-6330 


ATLANTA © BOSTON e LOS ANGELES 











Since its introduction six years ago, the 
Tri-Carb® Liquid Scintillation Counting 
Method has become the leading method for 
the radioassay of samples containing Tritium, 
Carbon-14, Sulfur-35 and other alpha- and 
beta-emitters. More samples of Tritium and 
Carbon-14 are now being counted in the 
Tri-Carb Spectrometer than in any other 
instrument. Look around—with hundreds of 
installations throughout the world, there is 
a Tri-Carb Spectrometer near you. 

The Tri-Carb Method has been developing 
continually—both by new sample preparation 
techniques and by improvements in instru- 
mentation. And now the latest advance is 
transistorization. - 

Greater reliability is one of the principal 
advantages gained by transistorizing the Tri- 
Carb Spectrometer. Both size and weight 
of the electronics have been reduced. Power 
consumption is appreciably lower and much 
cooler operation is achieved. Line voltage 
regulation and over-all stability have been 
improved significantly by the transition to 
solid state electronics. 

In gaining these advantages no compromise 
has been made in operating performance. 
Specific figures showing the excellent count- 
ing efficiencies with low backgrounds that are 
obtainable under various conditions and with 
many types of samples are reported in the 
literature by numerous Tri-Carb users. Simi- 
lar performance is routinely achieved with 
the new transistorized design. 

Other new developments are broadening 
the scope of liquid scintillation counting. 
Improved sample preparation techniques 
now make this the method of choice for assay- 
ing almost every type of sample material— 
proteins, carbon dioxide, tissue, lipids, 
tritiated water, completely insoluble materi- 
als, etc. Special accessory devices have been 
designed to adapt all Tri-Carb Spectrometers, 
old and new, to continuous liquid flow moni- 
toring in applications such as column chro- 
matography, amino acid analysis, and tracer 
or safety studies in plant or field streams. 
Other new Packard accessory instruments are 
also available for adapting all Tri-Carb Spec- 
trometers for radioassay of the effluent from 
gas chromatographs by both continuous flow 
and fraction collection methods. 

Transistorized Tri-Carb Spectrometers are 
available now—and at no increase in price 
over the older models. They are in production 
and we can make prompt delivery. To receive 
complete information on new transistorized 
Tri-Carb Spectrometers and new accessory 
equipment as well as general information on 
current sample preparation techniques, write 
or telephone. 


NEW YORK e PHILADELPHIA 
PITTSBURGH © SAN FRANCISCO e WASHINGTON, D.C. © ZURICH, SWITZ. 














Designed for completely unattended opera- 
tion, the new Nuclear-Chicago Model C115 
Automatic Sample Changer permits precise 
measurement of beta emitting samples con- 
taining low level amounts of carbon 14, 
phosphorus 32, strontium 90, etc. The low 
background of the System makes possible, 
for the first time, automatic analysis of 
radioactive samples having counting rates 
of 2 to 3 counts per minute. In addition, the 
2 cpm background permits substantial cuts 
in the amount of labelled reagent previously 
required in routine tracer studies. With this 
System sample counting time can be re- 
duced significantly, too. 


AUTOMATIC OPERATION: The C115 Low Background 
Sample Changer is used with a standard Nuclear-Chicago 
Scaler, C111B Printing Timer, Q-Gas and Gas Regulator. The 
changer will accept as many as 35 samples which can be 
prepared in the special low background copper pans furnished 
with the instrument. The changer sequentially positions each 
sample under the gas flow detector and automatically activates 
the scaler for counting. The time (to a maximum of 999.99 
minutes) required for each sample to reach a selected preset 
count is recorded, with the sample identification number, by 
the printing timer. The system can be left unattended overnight 
or weekends and the printed data collected later. 


SENSITIVITY: High sensitivity of the System is achieved 
by use of a new gas flow sample detector with the Nuclear- 
Chicago exclusive ‘Micromil'’’® window. Low background 
is accomplished by careful selection of materials used in the 
construction of the instrument, generous shielding, and by 
a unique ‘guard’ detector which acts as a cosmic ray shield 
for the gas flow sample detector. 


New Nuclear-Chicago Automatic 
Sample Changer has net background 


of only 2 counts per minute 


This Automatic System offers new conven- 








ience to biological researchers, chemists, 
and others who must analyze low activity 
samples. Validity of results is increased by 
a cosmic ray ‘‘guard’’ counter. Trouble-free 
operation is assured since all major com- 
ponents of the System (Scaler, Automatic 
Sample Changer, Printing Timer, Q-Gas) 
are standard Nuclear-Chicago products 
that have proven their reliability in tens of 
thousands of hours of use. Deliveries of this 
new System are now being made. It may be 
purchased as a complete package or as 
a group of components if you already have 
our Cl110B Automatic Sample Changer. 


GAS FLOW DETECTOR: The “Micromil’’ window used on 
the new gas-flow sample detector has the same window material 
as the famous Nuclear-Chicago Model D47 Gas Flow Detector. 
The window has a density of less than 150 micrograms per 
cm? including its metallic coating. This low density window 
allows soft betas to enter the counting chamber without appre- 
ciable loss. The ‘‘Micromil’’ window overcomes the common 
faults and unreliabilities associated with windowless detectors. 


COSMIC RAY ‘'GUARD" DETECTOR: In most counting 
systems, cosmic rays contribute a significant percentage of the 
background. In the C115 System, however, the gas flow sample 
detector is surrounded by a halogen-quenched cosmic ray 
“guard” detector. The geometry is such that a cosmic ray must 
pass through the guard detector before it can reach the gas 
flow sample detector. When the guard detector is actuated 
by a cosmic ray or other event, an anti-coincidence circuit 
prevents the same count in the gas flow detector from reaching 
the scaler. Cosmic ray background is thus effectively eliminated. 


NOW, FOR THE FIRST TIME, AUTOMATED 














A complete Low Background Automatic Sample Changer System. Scaler at the right measures sample activity while scaler 
at left can be used to record cosmic’ ray counts or sample counts before elimination of the cosmic ray background. 


BETA AND GAMMA BACKGROUND REDUCTION: Beta 

and gamma background is reduced to a minimum by extensive . . . . 
shielding and by use of special plastic materials with extremely For full information and price quota 
low natural radioactive content. The guard detector and the tion on the complete System or on the 
plastic gas flow sample detector are enclosed in a copper C112 Conversion System, please write 
housing which is surrounded by a graded shield consisting for our Bulletin C115 

of an inner lining of steel and two inches of lead. A substantial ” _— C i 
amount of additional lead and steel shielding is provided on 

the bottom and around the sides of the sample changer. The 

total weight of the shielding is 616 lbs. 


ADAPTABILITY: An integral part of the new C115 is the 

standard Nuclear-Chicago C1l0B Automatic Sample Changer. 

Copper, steel, and lead shielding, a detector control panel, al Clear -chicago 
the gas-flow detector, the “guard” detector, and electronic CORPORATION 
circuitry complete the C115. (A conversion system, Model C112, ® 

is available for those who already have the Cll0B Automatic 337 E.Howard Ave.+ Des Plaines, III, 
Sample Changer. The C112, when added to the C110B Changer, 

forms a unit which is identical to the C115.) 
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Why PYREX’ digestion tubes 
work so inconspicuously 


People tend to take our digestion tubes for 
granted . . . we consider that a compliment. 

People never worry about heat with our 
tubes, because they take direct flame quietly. 

People find our tubes more rugged than 
others for the simple reason that we can make 
them thicker since No. 7740 glass has a low, 
low rate of expansion. 

People are less concerned over the chemi- 
cal resistance of our tubes. Only Vycor® or 
quartz tubes are better. 

People find these facts equally true of our 
7900 Folin tube, our 7920 Folin-Wu tube 





(N.P.N.), and our 7940 which is the same as 
7920, but with “Lifetime Red” graduations. 

That’s why so many people turn auto- 
matically to LG-1, the PyREx Labware Cata- 
log, whenever they want a digestion tube or 
labware of any sort. It’s their most complete 
reference. 


CORNING GLASS WORKS 


CORNING MEANS RESEARCH IN GLASS 


PY RE X° taboratory ware... the tested tool of modern research 
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L-Methionine-methyl-H’ 
$175/5 millicuries 
Specific activity: 
14 millicuries per millimole 


L-Ethionine-ethyl-H* 
$250/5 millicuries 


Specific activity: 
30 millicuries per millimole 
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At the “‘heart’’ of 
cardiovascular disease... 


Lansing’s THE 
ARTERIAL WALL 


**... Concern with the normal structure, chemistry 
and function of arteries as well as the aging thereof is 
much more than an academic matter. Since antibiotics 
greatly reduced infectious diseases a greater fraction of 
our population reaches adulthood and senility. Ap- 
proximately two out of every three adult deaths are 
caused, directly or indirectly, by cardiovascular disease. 


“This volume represents an attempt to review the 
data that are currently available on the structure, func- 
tion and chemistry of the major components of the 
arterial wall... the gaps in our knowledge are great 
and the best that we can now do is to summarize what 
we do know in order to highlight what we do not know. 
...It is our hope that study of the arterial wall will 
contribute to eventual answers. . . .”—From the Preface 


Edited by Abert I. Lansinc, A.B., Ph.D., Chairman, 
Department of Anatomy, University of Pittsburgh 
School of Medicine, Pittsburgh, Pennsylvania 


September 1959 + 280 pp., 17 figs. © $7.50 
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Line operated Photo-Electric 


HLUOROMETER 


For research and routine procedures the battery power supply. Either model provides 





most precise instrument for all fluorometric precise, reliable measurements over a wide 
methods of analysis is now available in two range of sensitivities. Ideal for extremely low 
models: with transformer for line operation or concentrations in micro or macro volumes. 


Technical Data Available 
Specify Bulletin No. 803 BC 


FARRAND OPTICAL O.. NC. 


BRONX BLVD. AND EAST 238th STREET e NEW YOR 


Engineering, Research, Develupment, Design and Manufacture of Precision Optics, Electr 

















RADIOMETER Model TTT-1 


Accessories Available: 


ELS12: A master switch unit permitting the use of several 
titration stands for large volume routine titrations. 


PHA622: External meter expanding to full scale the biological 
range of 6-8 pH. 


PHA630T: External Scale Expander providing reading accuracy 
of .003 pH over the entire range 0-14 pH. 


SBR2/SBU1: Recorder for use as a Titrigraph and pH Stat. 
TTA1: Titration stands for automatic or manual titrations. 


Electrodes: A complete catalogue of standard and special elec- 
trodes for all applications. 





For hospital clinical use most of the signifi- 
cant routine determinations are detailed for 
automatic performance in pamphlet form — 
for use with the TTT-1 Titrator. Blood Sugar 
Determinations, Blood Chlorides, Nitrogen 
(KJELDAHL), Acidity in Gastric Juices, Titra- 
table Acid in Urine, and many others are 
available. Both the determination of Acetyl- 
choline Esterase in Serum, and the automatic 
recording of Choline Esterase activities are 
fully detailed. 


SOLD 4ND SERVICED IN U.S.A. BY 


WELWYN INTERNATIONAL INC. 


3355 Edgecliff Terrace CLEVELAND 11, OHIO 


In Canada: Contact any 





"Che most 
wersatile 

pH instrument 
any Eiospital 
or Industrial 
laboratory 


Call OMT. 


A pH Meter of high accuracy and no zero drift. 


@ A Titrator for performing routine clinical or industrial 


titrations automatically. 


When used with the Radiometer Recorder —a pH 
Stat for recording long term titrations. 


When coupled to the Radiometer Recorder —a re- 
cording Titrigraph. 


As a highly stable pH Meter — the Radiometer TTT-1 
features a large 160 mm. mirror scale with reading 
accuracies down to + .02 pH; and a high degree of 
zero and amplifier stability. As an Automatic Titrator, 
complete and automatic control of the end point 
is assured for either up or down scale titrations, with 
control over the rate at which the end point is 
approached and shut off delay after the last addition 
of titrant. 


With its complete freedom from zero drift, and its 
long term stability, it serves admirably — with the 
Radiometer SBR2/SBU1 Recording Microburette — 
as both a pH Stat for the study of the kinetics of 
reaction solutions, and as a Titrigraph for auto- 
matically drawing titration curves. 


Special output terminals provide for the use of 
recorders, relays for process control, and a wide 
variety of useful accessories. 


RADIOMETER 


72 Emdrupve; COPENHAGEN, DENMARK 


Branch of Canadian Laboratory Supplies Limited 
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ROUTINE TITRATIONS | 
STONE ¢ for oxidation-reduction, acid- | 
; . base, and chelometric titrations, | 
Sw even in non-aqueous solutions | ‘ ° 
AUTOMATIC — precision of 0.2% or better | Antisera and Antigens 
+ completely automatic in opera- | 
TITR ATOR tion—flow of titrant stops through | Enteropathogenic Coli Klebsiella 
photoelectric response when in- | Salmonella Shigella 
dicator in solution changes color | z 8 
at equivalence point Brucella Leptospira Streptococci 
* 
| C Protein Antiserum and Standard 
| * 
| Infectious Mononucleosis Antigens and Standards 
| 
Potent 


Stable 
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| Descriptive literature available on request 

| Specify 
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For information about the STONE AUTOMATIC TITRATOR write BC-10 sesso | 
E. LEITZ, INC. » 468 Park Avenue South - New York 16, N.Y. | BIOLOGICS CULTURE MEDIA REAGENTS 


SPINNER 
FLASKS: 


SUSPENDED CELL CULTURE UNIT 
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Standard model offered in 5 sizes, with 
single or double sidearm. 

Micro and centrifuge types also available. 

Features Teflon impeller assembly. 

Complete unit can be autoclaved. 
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“research deserves the best” 
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We’ve used these symbols to suggest that Sheffield 


Chemical’s protein hydrolysates and peptones have an 
“INFINITY PLUS” of applications in the manufacture 
of biologicals, in medicine, agriculture and other fields— 
and so deserve inclusion in your new product screening 


programs. 


Sheffield hydrolysates are available in bulk quantities 
at bulk prices, and are economical to use in most 


processes. 


Samples and technical data available on request. Write 
Dept. BC-100 


HEFFIELD CHEMICAL 
Norwich, N. Y. 


A DIVISION OF NATIONAL DAIRY PRODUCTS CORPORATION 








Row-Peterson Biological Monographs 


Allan H. Brown, University of Minnesota, editor 


NITROGEN METABOLISM IN PLANTS 


George C. Webster, The Ohio State University 


A fairly comprehensive and uniform coverage of the 
chemical pathways of nitrogen metabolism in plants. 
Chemical and physical interpretations are emphasized. 


Recent discoveries are placed in their proper perspec- 
tive. Pathways for further research are proposed, 


160 pp. List $3.50; 
net $2.98 to biological chemists. 
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Evanston, Illinois Elmsford, New York 











Do You Need: 





Cellex Cellulose Ion 


Exchangers? 


(For fractionation of proteins, nucleic acids, and enzymes) 
ASK FOR PRICE LIST BCX 








TTD Laboratories— 


32nd & GRIFFIN AVE. « RICHMOND, CALIFORNIA 


Do You Need: 





Silicic Acid? 
(Specially prepared for lipid chromatography) 
ASK FOR PRICE LIST BSA 











CR) Lalorateries— 


32nd & GRIFFIN AVE. « RICHMOND, CALIFORNIA 


De You Need: 





Analytical Grade 
Ion Exchange Resins? 


(Prepared from Dowex Resins) 
ASK FOR PRICE LIST BM 








GEE Laboratories 


32nd & GRIFFIN AVE. « RICHMOND, CALIFORNIA 
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Coleman 


NITROGEN ANALYZER 


Wie this new Coleman instrument, 
routine nitrogen determinations can 
be made at the rate of 4 to 5 per 
hour, or up to 40 per day—automat- 
ically! It is the most accurate, relia- 
ble method yet devised for the Micro- 
Dumas process. It’s also excellent for 
many of the determinations currently 
made by the Kjeldahl method. And 
i's a real space-saver, too . . . only 
18” wide x 15” deep. For the com- 
plete Coleman Nitrogen Analyzer 
story, write for bulletin 258. 


N-3500X Coleman Nitrogen 
an aay ee $2,495.00 


Beckman 


DB* SPECTROPHOTOMETER 


A last . . . a budget-priced spec- 
trophotometer that covers both the 
visible and ultraviolet range—from 
220 to 770 muy. It’s versatile, easy to 
use, and features programmed or 
manual slit systems for optimum 
resolution. Stray light is less than 
0.5% at 220 my. Photometric re- 
peatability is +0.01 absorbance units 
at 0.400 absorbance. Ideal for accu- 
rate qualitative and quantitative 
analyses, medical and clinical stud- 
ies, quality control and research. Ask 
for bulletin 779. 


S-3975-5X Beckman 1401 DB 
Spectrophotometer . .... $1960.00 


* Trademark, Beckman Instruments Inc. 
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Beckman 


POTENTIOMETRIC RECORDER 


B, means of control knobs, you 
can vary the voltage span continu- 
ously in the 10 to 100 mv range 
when you use this portable, push- 
button strip chart recorder. You can 
also displace the pen zero-setting at 
any point throughout the 5 inches of 
pen travel. Repeatability is 0.35%. 
Pen response is 1.0 second over the 
full scale; limit of error 1%. Stand- 
ard chart speed is 2”/min. (4”/min. 
plug-in chart drive available.) This 
is an excellent general purpose re- 
corder. Every lab should have one. 
Write for bulletin 774. 


R-3200X Beckman Potentiometric 
Record 





Branch Sales Offices: Albany 5, N. Y. * Boston 16, Mass. * Elk Grove Village, Ill. » Philadelphia 43, Pa. + Silver Spring, Md. 


Branch Warehouse: Elk Grove Village, Illl. 
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WAYNE 
~ MOUSE BREEDER 


(SlLa~e2ex< 


A premium, complete ration, proved effective for 
intensive reproduction, lactation and growth of 
young. 

Contains high balance of calories and protein 
necessary for top reproduction and growth. 


ae Wayne Mouse Breeder 
>> 


Blox are routinely assayed 


biologically to guard 
against the presence of 
: estrogenic activity. The 


LABORATORY feed is also tested at the 

















REPEATS PRESET 
VOLUME 


© Assemblies instantly 

© Setting locks in place 

® Available to fit 
standard syringes in 

Ya- Ya-1-+2-5 

and 10 cc. sizes 


EASY TO HANDLE 


Fine-thread adjusting screw 
permits accurate setting to 
any volume... comes apart 
or reassembles with a slight 
twist without changing the 














setting. lens time of packing for Sal- 
monella. It contains no 
Any syringe added antibiotics or anti- 
becomes an 
AUTOMATIC 
PIPETTE 








oxidants. To prevent out- 
side contamination, the 
product is packed in poly- 
with this simple ethelyne lined bags. 
Seen. THE SYMBOL OF QUALITY 
. Write for full facts, and name of nearest Wayne Dealer 
| ALLIED MILLS, INC. 
Laboratory Diets Div., Chicago 6, Ill. 


One of the world’s oldest and largest exclusive 
manufacturers of bird and animal diets. 
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VERSATILE PRACTICAL METHODS met 

VORTEX JR 'IN BIOCHEMISTRY— = 

& labo 

e e e th ; 

MIXER | Sixth edition e 

seve 

Convenient “This edition maintains the excellent quality ex- Befc 

Efficient Mixing hibited by the earlier editions and has kept the informa- _ 

ple hn Fans tion abreast of newer techniques by the addition of new ; 
it against the revolving neo- experiments, including the paper chromatographic and 

prene cup. A vortex forms . ‘ . . » 

at once for immediate mix- ion exchange techniques for separation and identifica- 3 

Sanne tion of amino acids, studies in enzyme kinetics, mano- : 

metric study of succinic dehydrogenase. . . . In most of 4 

the experiments the principle is first presented, then a 5. 

list of the reagents to be used and their concentrations, 6. 

| followed by the procedure... clearly and succinctly 1. 

| presented. This is undoubtedly one of the best bio- v 

| chemical laboratory texts now available.”—J.A.M.A. we } 

By Freperick C. Kocu, Late Frank P. Hixon Distincutshed ity, 

Service Professor Emeritus of Biochemistry, University of Chicago; and 

and Martin E. Hanke, Associate Professor of Biochemistry, Tra 

University of Chicago F 

1953 “ 546 pp., 28 figs. ° $5.00 labo 

P , nine 
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One glance at the vast array of rate- 
meters on the market today and you can 
readily realize the growing importance of 
these instruments for use in radioisotope 
laboratories and clinics. To help select 
the one best ratemeter for you from this 
bewildering variety of models, a simple 
seven-point check list has been developed. 
Before making a decision, consider these 
points carefully: 

1. Range and Number of Scales 

2. Range and Number of Time 

Constants 
3. Stability and Range of the 
High Voltage Supply 
. Stability of Calibration 
. Low Zero Drift 
. Functional Design 
Cost 

When you examine the Tracerlab line, 
we believe you will find that for versatil- 
ity, quality, ease of operation, precision 
and real value, you simply can’t beat 
Tracerlab Ratemeters. 

For example, Tracerlab’s standard 
laboratory ratemeters offer a choice of 
nine full-scale ranges from 0-100 c.p.m. 
all the way up to 0-1,000,000 c.p.m. with 
intermediate ranges in multiples of 3 and 
10. This extremely wide choice of ranges 
provides the versatility you require in 
selecting the optimum range for any 
given application. : 

Number and range of time constants 
is important, too (Tracerlab’s standard 
laboratory ratemeter has eight). Very 


Aouw > 


© FF ct’s Talk About 
RATEMETERS... 





Pictured left to right: Transistorized Dual Ratemeter; SC-80 Ratemeter Spectrometer; SC-79 Tracermatic Ratemeter and Model SC-91 Scaler-Ratemeter. 


short time constants on the upper range 
scales permit rapid response with no sig- 
nificant increase in probable error while 
longer time constants on the lower ranges 
will damp out most of the statistical fluc- 
tuations common to these count rates. On 
the higher ranges a minimum time con- 
stant of 0.05 seconds is provided, while 
for low count rates, a 40 seconds time 
constant is available. Tracerlab Rate- 
meters have stability of calibration and 
zero drift is virtually eliminated. 

The ratemeter you select should have a 
precision high voltage power supply with 
a high degree of regulation to insure 
negligible output voltage changes when 
input voltage varies. The power supply 
output voltage of Tracerlab Ratemeters 
changes less than 0.003% for a 1% change 
in input voltage. As a result, they can be 
used with scintillation as well as geiger 
detectors. What’s more, you don’t need 
to buy an additional power supply when 
you use a Tracerlab Ratemeter with a 
Spectrometer. Why? Because standard 
equipment on all Tracerlab Spectrom- 
eters includes a super regulator that pro- 
vides all the additional stability your 
Tracerlab Ratemeter power supply needs 
for precision spectrometry. 


Should you require an unusually com- 


Jracerlab 














pact, low power, dual channel Rate- 
meter with the operating benefits of solid 
state circuitry, Tracerlab offers an all- 
transistor instrument. This light weight 
precision built unit provides both linear 
or log response, plug-in construction, dual 
power supply and, when desirable, a 
Spectrometer input. Very low power con- 
sumption and heat dissipation contribute 
substantially to the long life and relia- 
bility of these fully transistorized units. 

Tracerlab also offers a Basic Ratemeter 
and Laboratory Monitor, a compact in- 
strument of simple circuitry designed for 
laboratory use and 24-hour-per-day op~ 
eration. 

Last, but by no means least, Tracerlab 
Ratemeters are low in cost, yet they in- 
corporate numerous hidden plusses and 
extra values. Their inherent quality and 
advanced design is the result of years of 
specialization in nuclear instrumentation. 
A large staff of nuclear applications engi- 
neers and a world-wide network of au- 
thorized service representatives back up 
all claims made for satisfactory and last- 
ing performance. 

For further information on Tracerlab 
Ratemeters and the complete line of 
Tracerlab nuclear instruments, write for 
General Catalog F. 


lab 


in radiation measurement 


TRACERLAB, INC. © 1604 Trapelo Rd., Waltham 59, Mass. © 2030: Wright Ave., Richmond, Calif, 















For Rupturing 
Large Quantities of 
Microorganisms— 


The Eppenbach 
MICRO-MILL . 
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The G-W Eppenbach Micro-Mill is specially con- 
structed for the reduction of slurries and bacterial 
spores, molds, yeast arfd pollen granules. The mill 
functions perfectly with hopper capacities ranging from 
150 ml to 2 liters of slurry. Capacities up to 5 gallons 
are available. The Micro-Mill is not a test unit but 
has proved successful in actual operation. 


FLEXIBLE, PRECISION CONTROLS 

120 micron glass beads mix with the slurry being 
examined. A calibrated dial provides exact particle 
breakdown settings. And rotor-stator settings can be 
precisely designated from 0.0005 to 0.125 in.—with 
both bead-cell ratio and mill gap settings variable, 
anytime, to produce optimum, critical reductions. 
SPECIAL ENVIRONMENTAL CONDITIONS 

For maintaining anaerobic conditions where essential, 
the Micro- Mill’s recirculating system establishes such 
an environment. The stainless hopper cover is supplied 
with a needle valve enabling the system to be 
blanketed with a suitable gas to minimize oxidation. 
CRITICAL TEMPERATURES ACCOMMODATED— 

AND CONTROLLED 

Externally jacketed to accommodate passage of heat 
transfer fluids, media temperature controlling is further 
assisted by a stainless coil located inside the hopper, 
through which heat transfer fluids may be passed. 
Included are a thermowell and thermometer assuring 
pin-point readings throughout the stages. 


i.5 HP AC-DC VARIABLE SPEED MOTOR 


The Micro- Mill is powered by a 1.5 hp AC-DC motor 
with speed controls from 0 to 10,000 rpm monitored 


by a continuously variable transformer, and mounted ope Moon C0 


integral refrigeration unit. These and other quality Hudson, N.Y. © Since 1814 
features make the easy-to-use, easy-to-install—and EPPENBACH DIVISION 
clean—Eppenbach Micro-Mill an outstandingly val- 420 Lexinaton A N.Y.17,.N.Y 
uable piece of equipment. Write for complete details. ee a ew ary ee OF 
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Lourdes 







e 1500 mi. at 60,000xG 
e 3300 mi. at 33,000xG 


with AUTOMATICALLY 
CONTROLLED TEMPERATURES 


down to -20°C 


@ Temperature range 
—20°C to 40°C 


@ Patented “Roto-Air” 
refrigeration system 


@ 1-Hp Universal motor 


@ High-Vacuum pump— 
evacuates chamber in 
only two minutes 


@ 800 ml. (16 x 50 ml.) 
at 61,500 x G 


@ Slant-O-Matic control panel 


@ Fully Automated with 
push-button operation 


@ Electro-dynamic brake 
@ Automatic self-centering 


— drive 
ULTRA @ Exclusive Flex-O-Matic 
— SUPERSPEED rotor support system 
A iN , 
(9? ) RE FR { G ERATED @ Stainless steel cabinet 
2 @ One year warranty 
— 


VACU-FUGE 


with exclusive 


: *Vacu-Fuge ...a coined name by 
SLANT O-MATIC KEYBOARD Lourdes Instrument Corp., denoting superspeed 
centrifuges operating under vacuum. 


The most versatile, superspeed vacuumcentri- | WA-2 speeds your work safely and depend- 
fuge ever offered. Accommodates six inter- ably. Built for years of rugged service . 
changeable rotors. Designed for large or small Mail coupon today! 

volume, high or low force centrifugation. — ee ee ee 


New patented refrigeration design and Please send me VACU-FUGE BulletinVA-2 JBC-100 
other exclusive features give perform- 




















ance that far exceeds anything previously vay _ 
available. Write today for Bulletin VA-2. AT 
——— Activity 
LOURDES INSTRUMENT CORP. [Rmemreel Address 
Division of Labline, Inc. City, Zone. State. 





53rd St. & First Ave., Brooklyn 32, N.Y. 
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Outstanding RONALD Books... 


Reticuloendothelial 
Structure 
and Function 


Edited by John H. Heller, New 
England Institute for Medical 
Research, Ridgefield, Connecticut 


NEW! The Third International Symposium of the Inter- 
national Society for Research on the Reticuloendothelial 
System. In this new volume, outstanding investigators from 
various disciplines a new concepts and exchange ideas 
relative to the reticuloendothelial system. Book discusses diverse 
phases of such broad areas as morphological aspects, antibody 
synthesis, host defense mechanisms, inflammation, lipid metab- 
olism, etc. 62 Contributors. 1960. 478 pp., 228 ills., tables. $12.00 


Developing Cell Systems 


and Their Control 
18th Growth Symposium 


Edited by Dorothea Rudnick, 
Albertus Magnus College and Yale University 


Just Published! This book presents and describes advances in 
the knowledge of cell differentiation and its control within the 
organism, from both the biological and biochemical points of 
view. The ten internationally known contributors mesos a 
diversity of organisms in the plant, animal, and microbiological 
kingdoms on the basis of their own original studies. 1960. 288 
pages, 125 ills. $8.co 


The 16th and 17th Symposia of the Society 
for the Study of Development and Growth— 


Developmental Cytology. Dorothea Rudnick, Editor, with 


10 Contributors. 1959. 215 pp.; 118 ills., tables. $7.00 
Cell, Organism, and Milieu. Dorothea Rudnick, Editor, 
with 12 Contributors. 1959. 326 pp.; 136 ills., tables. $8.00 


Subcellular Particles 


Edited by Teru Hayashi, 
Columbia University 


The Fifth Annual Symposium Publication of the Society 
of General Physiologists. A comprehensive review of recent 
research on cell inclusions. Book emphasizes the structural aspects 
of subcellular particles as related to their function, especially 
with regard to the properties of the heterogeneous system 
created by the very presence of the particulate material within 
the cell. 20 Contributors. 1959. 213 pp.; 122 ills., tables. $6.00 


OTHER S. G. P. SYMPOSIA— 


Physiological Adaptation. C. Ladd Prosser, Editor, with 
14 Contributors. 1958. 185 pp.; 90 ills., tables. $4.00 
Influence of Temperature on Biological Systems. 
Frank H. Johnson, Editor, with 24 Contributors. 1937. 275 pp.; 
133 ills., tables. $4.50 
Physiological Triggers and Discontinuous Rate Proc- 
esses. Theodore H. Bullock, Editor, with 16 Contributors. 1957. 
179 pp.s 55 ills., tables. $4.00 
Electrolytes in Biological Systems. Abraham M. Shanes, 
Editor, with 11 Contributors. 1955. 243 pp.; 123 ills., tables. $4.00 


Order direct from: 


THE RONALD PRESS COMPANY 
New York 10 


15 East 26th Street, 
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SCINTILLATORS 


FOR THE 
Biological Scientist 


e Liquids for filter paper counting. (bulletin 
17) 

e Beta and Gamma continuous flow detec- 
tors for direct counting of aqueous solu- 
tions. (bulletins 16 and 119) 

e@ Plastic well units. (bulletin 11) 

@ NE 5503 Shielded Scintillation Head Units 

(bulletin 19) for low level, low energy beta 

counting and H 3 analyses when used in 

association with counting assembly NE 

8301 (bulletin 20) 

e Other products in- 
clude plastic phos- 
phor NE 102 and fast 
and slow neutron de- 


NUCL AR tectors. 
IN ENTERPRISES LTD. 


1750 Pembina Highwa 
WINNIPEG 9, CANADA 
Associate Co.: yee Enterprises 


(G.B.) Ltd. 
Sighthill, Edinburgh 11, Scotland 























STABLE ISOTOPES 


Carbon 13 : Nitrogen 15 
Boron 10 and 11 
Deuterium - Oxygen 17 and 18 


Highest available enrichment and purity 
. 
Wide variety of standard 
labeled compounds 
« 


Special labeled compounds 
synthesized to order 


WRITE for Technical Bulletin 
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CORPORATION 
428 Commercial Avenue 
Palisades Park, N. J. 
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IT HAPPENED THIS MONTH... 


a glance at yesterday in relation to today 


IN OCTOBER — (1884) — C. S. Minot discusses the interrelated problems of 
growth, aging, and reproduction. “...sexual reproduction depends on the 
exhaustion of the cells... among men the reproductive period begins sooner 
when they are ill fed. Among many of the lower plants reproduction is induced 
by defective nutrition. | believe that nutrition and reproduction are, indeed 
opposed to one another... animals do not stop growing because they begin to 
reproduce, but they begin to reproduce because they stop growing; or, more 
strictly speaking, both events are due to one cause, senescence.”! 


The study of nutrition and reproduction continues — well nourished and grow- 
ing rapidly. Workers in these fields often make use of the full line of amino acid 
and nucleic acid compounds available from Schwarz BioResearch: L- and D- 
amino acids and their derivatives, DNA, RNA, nucleate salts, nucleotides, 
nucleosides, purines and pyrimidines, sugars and sugar phosphates, and the 
amino acid compounds from the eda Company in Israel (peptide and poly- 
amino acids). Many have been radiolabeled. Our list is active and growing. 


IN OCTOBER — (1935) — Patterson and du Vigneaud? report a new synthesis 
which promises to make homocystine and related compounds much more readily 
available. Previously. it was necessary to prepare methionine and convert it to 
homocystine by the sulfuric acid process. S-benzylhomocysteine is obtained as 
an intermediate product in the new method. thus making available a key sub- 
stance for the preparation of S-ethylhomocysteine, homocysteine, the lactone 
of homocysteine, etc. 


Now there is an even easier way. Look in the Schwarz BioResearch catalog. You 
will find L-cystine, DL-homocystine, DL-homocysteine thiolactone, glutathione, 
L-methionine, and related derivatives of the sulfur amino acids, plain and 


labeled with S*°. 


IN OCTOBER — (1936) — Enzymologia carries a report on the formation of 
trehalose in cell-free alcoholic fermentation.* The preparation used was yeast 
maceration juice prepared according to Lebedev. When incubated with glucose 
or fructose, there is a considerable deficit between carbon dioxide evolution 
and sugar fermentation. A highly dextrorotatory nonreducing substance is 
formed. which appears to be trehalose or trehalose phosphate. 


Schwarz BioResearch supplies trehalose and many other sugars and sugar 
phosphates of more general interest. Most are available either isotopically 
stable or labeled with C''. Write for our latest price list. 


1. Minot, C. S.: Death and individuality. Science 4:398 (Oct. 24) 1884, 2. Patterson, W. I., and du Vigneaud, V.: 
The synthesis of homocystine. J. Biol. Chem. 111 :393 (Oct.) 1935, 3. Sobotka, S., and Holzman, M.: Trehalose 
formation in cell-free alcoholic fermentation. Enzymologia 1:168 (Oct. 28) 1936. 


SCHWARZ BIORESEARCH., INC. « Dept. 10C * Mount Vernon, New York 


BIOCHEMICALS * RADIOCHEMICALS * PHARMACEUTICALS for research, for medicine, for industry 
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SERVE YOU BEST! 
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From the SERVALL Small and Medium Centri- 
fuges that offer five different rotors on one basic D 
motor assembly plus a huge variety of tube com- L 
binations, to the RC-2, the latest in Refrigerated 
Centrifugation, SERVALL Centrifuges Serve You 
Best. R 
The SERVALL SS-1 Superspeed, SS-3 Auto- 
matic Superspeed, SS-4 Enclosed Superspeed and 
RC-2 Automatic Refrigerated Superspeed Cen- B 
trifuges, all designed to accept the unique SERV- 
ALL 8 to 2 Tube Direct Sedimentation Continu- B 
ous Flow System, lead the field in a functional ; 
versatility that is determined by one thing: the F 
modern researcher's requirements—your require- S 
ments. 
Automation, special rotors such as particle 
counting and field-aligning, high centrifugal M 
force, safety features, operational reliability and 
simplicity, whichever is your major concern 
SERVALL specifications cover it. H 
And remember, in the US. you get direct, 
personal service on all your needs from SERVALL- 
trained representatives. In Canada and elsewhere A 
SERVALL Centrifuges and Instruments are avail- 
able from specially appointed distributors. 
For that additional centrifuge, or replacement 
of out-moded or inadequate equipment, do what S 
thousands of others do, select a SERVALL, the 
centrifuge that has been proved in operation. : 
RC-2 Automatic Refrigerated Centrifuge — 
ILLUSTRATED LITERATURE UPON REQUEST FOR CATALOG BC-10GC eS ee ee see 
Superspeed Rotor — up to 37,000 x G I 
} 


Norwalk, Connecticut An independent company: not connected with any other 
centrifuge manufacturer. Established 1934. 


